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ABSTRACT

As a leading cause of infection worldwide, Staphylococcus aureus is a versatile
commensal microbe that can coexist with its host harmoniously and undetected, but is
capable of causing invasive and life threatening infections. Due to its unusually
extensive arsenal of factors that serve invasion of host tissues and evasion of the
immune system, effective treatment and prevention measures for S. aureus have
remained largely elusive for researchers. Efforts to understand the immune response to
S. aureus have yielded an amalgam of findings, but a common thread throughout is the
importance of neutrophils: both for their robust bactericidal functions and their ability to
damage host tissue.

Neutrophils possess multiple antimicrobial mechanisms that are critical for
protection of the host against infection with S. aureus, as patients with defects in
number or function of these cells are rendered vulnerable to staphylococcal infections.
Recruitment and activation of neutrophils at sites of infection is driven by cytokine and
chemokine signals that directly target neutrophils via specific cell surface receptors. The
IL-20 subfamily of cytokines has been reported to act at epithelial sites and contribute to
psoriasis, wound healing, and anti-inflammatory effects during cutaneous S. aureus
infection. Adding to previous work that demonstrated the effects of IL-20 on human
keratinocytes during infection with S. aureus, our results show that IL-20 is produced by
human bronchial epithelial cells in response to S. aureus. Here, IL-20 modulated
production of a key antimicrobial peptide and affected the pro-inflammatory signaling

generated for recruitment of neutrophils. IL-20 and its related cytokines have been
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studied almost exclusively for their effects on epithelial cell function; however, the ability
of these cytokines to directly affect neutrophil function remains incompletely understood.
Here, we show that human neutrophils altered their expression of IL-20 receptor
chains upon migration and activation in vivo and in vitro. Such activation of neutrophils
under conditions mimicking infection with S. aureus conferred responsiveness to IL-20
that manifested as modification of actin polymerization and inhibition of a broad range of
actin-dependent functions, including phagocytosis, granule exocytosis, and migration.
Consistent with the previously described homeostatic and anti-inflammatory properties
of IL-20 on epithelial cells, the current studies provide evidence that IL-20 directly
targets and inhibits key inflammatory functions of neutrophils during infection with S.

aureus.



INTRODUCTION

Staphylococcus aureus is a commensal species of human skin and anterior
nares that is also capable of causing invasive infection of multiple sites in the body
including the blood, in the form of sepsis, and most peripheral tissues, particularly the
skin and lung (Daum and Spellberg, 2012; Lowy, 1998; Miller and Diep, 2008; Miller and
Cho, 2011). In the United States, approximately 30% of people are colonized with S.
aureus, and on an annual basis ~80,000 people are diagnosed and treated for invasive
infections, making it one of the most prevalent infections (Brown et al., 2014; Dantes et
al., 2013). Though these infections are common, options for treatment are diminishing,
as antibiotic resistance is on the rise and no preventative vaccine is available (Daum,
2007; Fowler and Proctor, 2014; Spellberg and Daum, 2012). In the effort to expand the
narrowing field of treatment and prevention options for this prevalent pathogen,
understanding how the host resolves infection with S. aureus via a protective immune
response is a critical component of addressing this increasingly urgent issue.

Neutrophils are essential for resolving infection with S. aureus, particularly
infections at epithelial sites (Miller and Cho, 2011; Rigby and DelLeo, 2012). The
indispensible nature of these cells can be noted in the significantly increased incidence,
recurrence and severity of S. aureus infections, particularly of the skin and lungs, in
patients that have disorders of neutrophil number or function, such as chronic
granulomatous disease or neutropenia (Winkelstein et al., 2000). Considerable focus

has been placed on the bactericidal functions of neutrophils, as they are able to rapidly



migrate to a site of infection and phagocytose a foreign particle in seconds. In their
granules, they are equipped with pre-formed proteins, including subunits of NADPH
oxidase, proteases and anti-microbial peptides, that aid in their robust bactericidal
activity (Amulic et al., 2012; Nathan, 2006; Nauseef and Borregaard, 2014). More
recently, other aspects of neutrophil function have come into focus, as they are able to
integrate multiple signals at the site of infection and adjust their function accordingly.
They are also able to signal to other populations of leukocytes, playing a key role in
shaping the immune response (Mantovani et al., 2011; Scapini and Cassatella, 2014;
van Rees et al., 2016). Although neutrophils are central to controlling and resolving
infections with S. aureus, the nuances of their function, particularly how they adjust their
function in response to host signaling at the site of infection, remain incompletely

understood.

Epithelial Infection with S. aureus: Cell Signaling in Pursuit of Protection

Skin and soft tissue infections are the most frequent manifestation of disease
caused by S. aureus, and several host factors comprise the protective immune
response at this site (Figure 1) (Miller and Cho, 2011; Parker and Prince, 2012). When
staphylococci breach the epithelial barrier of the corneal layer of the skin and reach the
epidermis, they are detected via binding of the cell wall component lipoteichoic acid
(LTA) by TLRZ2 on keratinocytes or resident dendritic cells and macrophages in the
dermis (Bardoel and Strijp, 2011; Fournier, 2012; Peres and Madrenas, 2013).
Subsequent signaling by TLR2 via MyD88 initiates the pro-inflammatory response by

activating the release and production of IL-1a from keratinocytes and IL-1f by the



resident leukocytes (Cho et al., 2012; Miller et al., 2006). IL-1a and IL-1f then induce
expression of antimicrobial peptides (AMPs) from keratinocytes, including human f3-
defensin 3 (hBD-3), which is known to have direct bactericidal activity towards S. aureus
(Ryu et al., 2014; Schauber and Gallo, 2008). The IL-1 cytokines also induce production
of downstream pro-inflammatory factors, including TNFo and IL-6, and chemokines
CXCL1, CXCL2 and CXCLS8 (IL-8), which recruit neutrophils and other leukocytes to the
site of infection (Abtin et al., 2014; Miller et al., 2007). Additionally, IL-17 is produced
mostly by yd0 T cells in the dermis, and has a similar effect as IL-18 (Cho et al., 2010;
Maher et al., 2013). Thus, early signaling in the skin in response to infection with S.
aureus is geared towards signaling that generates factors that can directly inhibit
bacterial growth, in the form of AMPs, and signals that recruit neutrophils to kill S.
aureus.

Cytokine and chemokine signaling in the lung in response to S. aureus infection
is similar to that in the skin. S. aureus LTA is detected by TLR2, which again initiates
production of IL-1a and IL-1f to drive production of AMPs, including hBD-3 and Regllly,
and other cytokines, and chemokines that recruit neutrophils from circulation to the site
of infection to kill the invading staphylococci (Parker and Prince, 2012). Importantly, IL-
1B induces the production of IL-17A in the lungs as well, and again this signaling is
critical to generating a protective immune response that recruits neutrophils in sufficient
quantity to control and clear S. aureus (Hoogerwerf et al., 2008; von Aulock et al.,
2003).

IL-17 has a clear role in the protective immune response to S. aureus infection of

the skin and lung (Cho et al., 2010; Kao et al., 2004). Hyper-IgE syndrome (HIES)



patients have a deficiency in IL-17 production, due to a lack of functioning Ty17 cells,
and suffer from recurrent S.aureus infections of the skin and lung (Freeman and
Holland, 2008). Using an in vitro model of infection it was shown that among the human
epithelial cell types, keratinocytes and bronchial epithelial uniquely require IL-17, along
with IL-1a and IL-1p, to elicit a pro-inflammatory response (Minegishi et al., 2009). Mice
deficient in IL-17 are also more susceptible to cutaneous infection with S. aureus, but
not to bacteremia caused by this pathogen (Ishigame et al., 2009). Protective immune
responses of the skin and lung share major similarities, where a particular set of signals
are required to act in concert to generate the appropriate signals and AMPs to protect

the host and resolve infection.

IL-20: From Sterile Inflammation to Infection

IL-20 is a recent addition to the host signals that play a role in the inflammatory
response during infection with S. aureus (Figure 1) (Myles et al., 2013). A member of
the IL-20 subfamily of cytokines, which includes IL-19, IL-20, IL-22, IL-24 and IL-26, are
a subclass of the IL-10 family of cytokines (Ouyang et al., 2011; Sabat, 2010). IL-10 is a
potent anti-inflammatory cytokine, which is produced by leukocytes and signals to these
cells via the IL-10 receptor to facilitate the resolution of inflammation (Fiorentino et al.,
1989; Moore et al., 2001). IL-19, IL-20 and IL-24 are closely related to IL-10: these
cytokines share a chromosomal locus and appear to be the result of a recent gene
duplication, sharing amino acid sequence and structural homology with IL-10 (Blumberg
et al., 2001; Logsdon et al., 2012). The other members of the subfamily, IL-22 and IL-

26, are located elsewhere in the genome (Commins et al., 2008). Shared receptor



complexes further link IL-19, IL-20 and IL-24 together, as they signal through
heterodimeric Type | or Type Il IL-20 receptors, comprised of IL-20RA or |IL-22RA,
respectively, paired with IL-20RB (Blumberg et al., 2001; Logsdon et al., 2012).

IL-20 receptor expression has been primarily characterized in epithelial cells of
the skin and lung (Parrish-Novak et al., 2002). IL-20 and its receptors are more highly
expressed in psoriatic skin compared to normal skin, although its precise role (pro- vs
anti-inflammatory) in this condition has not been fully characterized (Otkjaer et al.,
2005). Additionally, this cytokine and its receptor are highly expressed in the synovial
membranes and fluids of rheumatoid arthritis patients compared to healthy individuals
(Hsu and Chang, 2015; Hsu et al., 2006). The cellular sources of IL-20 in psoriasis and
rheumatoid arthritis are keratinocytes and synovial fibroblasts, respectively, and it is
thought to engage an autocrine loop that activates production of pro-inflammatory
factors such as IL-8 to recruit neutrophils and other leukocytes to the area (Hsu et al.,
2006; Otkjaer et al., 2005). From this evidence, IL-20 was thought to have a pro-
inflammatory role in these autoimmune disorders involving sterile inflammation.
However, these immune modulatory effects could be a result the known wound healing
and epithelial proliferation functions of IL-20. Again, the exact mechanism of how IL-20
contributes to these sterile inflammatory environments remains unknown.

A solely pro-inflammatory role for IL-20 is unexpected, given the close
relationship of IL-20 to the canonical anti-inflammatory cytokine, IL-10. As described
previously, infection of the skin and lung with S. aureus induces a robust and complex
inflammatory response involving the production of multiple cytokines and chemokines to

orchestrate a protective immune response that attracts the appropriate leukocyte



populations and modulates their function to allow removal of the invasive staphylococci.
It was recently discovered, using knockout mice for IL-20RB, that IL-20 receptor
signaling has an anti-inflammatory role during cutaneous infection with S. aureus. In the
absence of IL-20 receptors, there was enhanced production of IL-18 and IL-17A, which
increased the neutrophils recruited to the site of infection and resulted in significantly
smaller lesion size and reduced CFUs (Myles et al., 2013). IL-20 subfamily cytokines
were detected in both the cutaneous mouse model of infection and human keratinocytes
infected in vitro. Mice preferentially expressed IL-19, while IL-20 was the most highly
produced by human keratinocytes. Addition of recombinant IL-20 to human
keratinocytes in vitro significantly inhibited the production of IL-1p as observed in the
murine model (Myles et al., 2013). The inhibition of IL-1p by IL-20 receptor signaling
indicated that IL-20 subfamily cytokines act as anti-inflammatory factors during infection
with S. aureus, in a manner that contributes to the pathogenesis of infection by reducing
the number of neutrophils recruited to infected lesions.

The function of IL-20 and its receptors have primarily been studied in the context
of the aforementioned autoimmune disorders. And, the majority of studies evaluating IL-
20 receptor expression have been limited to epithelial cells (Blumberg et al., 2001;
Parrish-Novak et al., 2002). The expression of IL-20 receptors by leukocytes has mostly
been evaluated on resting cells, namely B cells, T cells, monocytes and NK cells, and
shown that there is some low constitutive expression of IL-20RB (Wolk et al., 2002).
However, there has been investigation of expression of IL-20 receptors by cells
obtained from the synovial fluid of rheumatoid arthritis patients. These cells are mostly

neutrophils that have migrated in response to inflammation, and they have elevated



expression of IL-20 receptor chains (Hsu et al., 2006; Kragstrup et al., 2015). This
indicates that the expression of these receptor chains on neutrophils may change in
response to activation. And, given the expression of IL-20 by keratinocytes during
infection with S. aureus and its demonstrated effects on the outcome of infection in the
cutaneous model of infection in mice, it appeared that IL-20 may directly affect

neutrophils.

Neutrophil Recruitment during Infection: Heeding the Call

Pro-inflammatory signaling serves to recruit neutrophils from circulation and
activate their activities. During infection with S. aureus, this process is mediated by
several cytokines, including IL-1p, IL-17, IL-6 and TNFa, which activate the production
of chemokines, such as IL-8, that guide neutrophils to the site of infection (Figure 1)
(Bardoel and Strijp, 2011; Fournier and Philpott, 2005). This signaling enhances the
expression of adhesion molecules on the nearby endothelium, P- and E-selectin and
intercellular adhesion molecule-1 (ICAM-1), allowing neutrophils passing by in
circulation to roll along and adhere to the endothelium (de Oliveira et al., 2016; Sadik et
al., 2011). The neutrophils are then able to extravasate from the endothelium into the
peripheral tissue, and are directed to the site of infection by a chemotactic gradient,
traveling along an increasing concentration of chemokines and bacterial products (Ley
et al., 2007).

Neutrophils migrate rapidly, and this is facilitated by an intricate choreography of
changes to the cytoskeleton, including changes to the quantity and location of

polymerized actin to create a leading edge that forms a pseudopod to pull the cell along



a gradient (Weiner et al., 1999). Once it has arrived at the site of infection, the
neutrophil must arrest migration, a process that requires the integration of multiple
signals that indicate that the target site has been reached (Heit et al., 2002; Liu et al.,
2012). In the process of migrating to the site of infection, neutrophils go from their
resting state, as they are in circulation, to a primed state in which, once fully activated,
they have enhanced antimicrobial functions (Daniels et al., 1992; Sullivan et al., 1989).
Importantly, the primed neutrophil also has upregulated expression of receptors for
various cytokines and other signals that are at the site of infection, allowing it to respond
to the complex environmental cues generated by the host (Figure 1) (Berger et al.,
1984; Detmers et al., 1990).

The changes that neutrophils undergo during migration and encountering pro-
inflammatory factors in vivo can be mimicked in vitro (Figure 2). This requires the use of
a binary signal, in the form engagement of integrin receptors and pro-inflammatory
cytokine, such as TNFa (Dapino et al., 1993; Nathan and Sanchez, 1990). Neutrophils
used in this work were subjected to this form of priming stimulation to replicate
conditions where they encounter S. aureus in vivo. Additionally, in vitro migration,
induced by bacterial products, host signaling or a combination of the two, has an
activating effect on neutrophils that induces detectable changes to their receptor
expression. This strategy was also employed in this work, again to observe neutrophil
responses in conditions relevant to infection (Figure 2). Ultimately, whether in vivo or in
vitro, the processes of migrating from circulation and encountering pro-inflammatory

factors results in neutrophils that have undergone changes that allow them to fulfill their



functions at the site of infection: bacterial killing, and responding and signaling to other

host cells.

Neutrophil Bactericidal Activity: Protection through Destruction

Once they encounter S. aureus, neutrophils have multiple mechanisms, both
intracellular and extracellular, at their disposal to eliminate the pathogen. Neutrophils
are professional phagocytes that can rapidly take up particles (in less than 20 seconds)
opsonized by host antibodies or complement (Nordenfelt and Tapper, 2011; Segal,
2005; Segal et al., 1980). They can also recognize microbes directly via their array of
pattern recognition receptors (PRRs) and internalize without opsonization (Ofek et al.,
1995). Newly formed phagosomes in neutrophils undergo a maturation process distinct
from the traditional endosomal pathway. Rather, their preformed granules fuse with the
nascent compartment to release antimicrobial factors (defensins and proteases) and
NADPH oxidase subunits are incorporated into the phagosomal membrane (Figure 3)
(Johansson et al., 1995; Karlsson and Dahlgren, 2002; Lee et al., 2003). The preformed
proteins in neutrophil granules allow them to have rapid responses to microbial
challenges, and granule fusion is central to killing staphylococci in the phagosome, as it
allows multiple NADPH oxidase to reach the phagosomal membrane (Karlsson and
Dahlgren, 2002; Segal, 2005). The multiple NADPH oxidase generate a higher
concentration of ROS compared to other phagocytes, and this robust ROS generation is
a major factor in neutrophil bactericidal activities and makes them comparatively well-
suited to kill S. aureus, a microbe that is resistant to ROS (Jann et al., 2011; Liu et al.,

2005; McGovern et al., 2011).



Granules not only fuse with the phagosome, they are also released into the
extracellular space (Figure 3) (Sengelov et al., 1995; Sengelov et al., 1993). There are
three types of granules, distinguished by their generation during neutrophil maturation
and their corresponding protein contents (Borregaard et al., 2007; Le Cabec et al.,
1996). Primary (azurophilic) and secondary (specific) granules are peroxidase positive,
as they harbor NADPH oxidase components; additionally, primary granules contain the
most potent antimicrobial factors such as lytic enzymes and a-defensins, and secondary
granules have additional antimicrobial factors, some of which protect the host via
nutrient sequestration, such as lactoferrin (Bainton and Farquhar, 1968). Tertiary, or
gelatinase, are peroxidase negative granules that contain proteins that degrade
collagen to facilitate neutrophil extravasation from circulation, as well as membrane
proteins that aid in migration (Kjeldsen et al., 1993; Kjeldsen et al., 1992). These
granule populations differ not only in their contents, but also the timing and targeting of
their release (Sheshachalam et al., 2014).

Because granules contain high concentrations of proteins that are potentially
damaging to host tissues, their release must be tightly controlled. Degranulation occurs
in a hierarchical manner, as each granule population is released to first facilitate
migration, with tertiary granule exocytosis, and then bacterial killing, with secondary and
then primary granule exocytosis or phagosomal fusion (Lacy and Eitzen, 2008). This
stepwise release process is controlled in part through the differential associations of
each granule population with actin, and the actin cytoskeleton serves to regulate
exocytosis by limiting granule access to the plasma membrane (Jog et al., 2007).

Tertiary granules are the most readily released, and are the most highly associated with

10



actin compared to primary and secondary granules, which are more resistant to release
upon neutrophil activation and have little to no association with actin (Brumell et al.,
1995; Jog et al., 2007). Little is known about the mechanisms that dictate the
hierarchical release of neutrophil granules, but the differential association with actin is
thought to play a role (Jog et al., 2007). Primary and secondary granules appear to be
more reliant on microtubule dynamics for recruitment to their target membrane to allow
subsequent release (Lacy and Eitzen, 2008). To prevent aberrant release of granules,
exocytosis is activated by external cues, releasing only as the neutrophil becomes
adherent during recruitment and encounters a pathogen or host pro-inflammatory
factors.

The potent antimicrobial proteins, NADPH oxidase components and proteases
that neutrophils carry in their granules allow for rapid deployment of killing mechanisms
when they encounter S. aureus. To further enhance the effectiveness of the bactericidal
factors in their granules, neutrophils are capable of undergoing a specialized form of cell
death, NETosis, to form neutrophil extracellular traps (NETs), which have demonstrated
ability to kill S. aureus (Brinkmann et al., 2004). This process involves the translocation
of neutrophil elastase from primary granules to the nucleus, where it degrades specific
histones. The resulting chromatin is then released from the cell along with the neutrophil
elastase and MPO in a process distinct from lysis, that leaves the plasma membrane
intact, and forms an extracellular trap that restricts the dissemination of bacteria from
the site of infection and creates an area of concentrated antimicrobial factors from

neutrophil granules (Brinkmann and Zychlinsky, 2007, 2012). In a mouse model of skin

11



infection with S. aureus using in vivo imaging, this process has been shown to occur
along with phagocytosis to effectively limit its dissemination (Yipp et al., 2012).

There is an interplay between the multiple bactericidal mechanisms that
neutrophils can employ during their response to infection with S. aureus. Migration to
the site of infection, ROS production upon phagocytic uptake, and NETosis are all
linked to granule exocytosis, as these processes rely on proteins contained within the
granules. Detection of both host signals and staphylococcal components determine the
timing and magnitude of the engagement of granule exocytosis and the associated
bactericidal mechanisms, allowing the neutrophil to perform its destructive functions

while limiting damage to host tissue at the site of infection.

Neutrophil Crosstalk: No Cell is an Island

Neutrophil activation extends beyond the neutrophil itself and its killing of S.
aureus, as their bactericidal functions, cytokine release and production and their death
all serve as signals to other leukocytes. They are the most numerous population at the
site of infection, making them a major source of cytokines that signal to orchestrate the
immune response. Macrophages, dendritic cells (DCs), NK cells, B cells and T cells are
all targets of signaling from neutrophil derived cytokines, mostly stored in secretory
vesicles, during infection (Figure 3) (Mocsai, 2013; Nathan, 2006; Scapini and
Cassatella, 2014).

Neutrophil derived chemokines recruit monocytes and DCs to the site of
infection, and affect the survival and maturation of these cells. For example, IL-18 from

neutrophils activates NK cells to produce IFNy and engage their cytotoxic activity
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against intracellular pathogens (Sporri et al., 2008). The importance of neutrophil
signaling for adaptive immune responses has been observed in human patients with
defects in neutrophil function or development, who have normal B cells but strongly
reduced levels of marginal zone B cells and an associated reduction in antibodies
against T cell independent antigens. From observations of these patients and in other
studies, it was found that neutrophils facilitate marginal zone B cell maturation during
infection through their migration to the spleen and their production of BAFF (Puga et al.,
2011). Therefore, neutrophils not only respond to signals from other cells, they are also
a source of signaling that organizes both innate and adaptive immune responses.

The bactericidal activities and apoptosis of neutrophils also serve to modulate
responses of other cells at the site of infection. NETs and MPO from neutrophils have
an inhibitory effect on DCs and cause them to promote Th2 type T cell responses. ROS
and granule products released by neutrophils regulate the activities of NK cells and yd T
cells (Costantini and Cassatella, 2011; Mantovani et al., 2011). Neutrophil apoptosis is a
major anti-inflammatory signal at the site of infection. As they undergo this non-Iytic
form of cell death, neutrophils express phosphatidyl serine on their surface, signaling to
macrophages to efferocytose them (El Kebir and Filep, 2013; Jones et al., 2016).
Efferocytosis of apoptotic neutrophils initiates an anti-inflammatory response that
includes the production of pro-resolving lipid mediators, resolvins and protectins, which
inhibit further neutrophil recruitment, promote neutrophil apoptosis and reduce vascular
permeability (Buckley et al., 2014; Ferracini et al., 2013). The effects of neutrophil
activities extend far beyond the killing of S. aureus and other microbes, as the products

of their bactericidal activities and their release and production of cytokines and

13



chemokines communicate to and shape the responses of other leukocytes during
infection.

Multiple factors determine the outcome of epithelial infections with S. aureus:
whether the microbe is cleared from its invasive position, or the infection progresses to
an expanded area or other tissues. The first of these is the microbe itself, S. aureus is
armed with a multitude of virulence factors including toxins and effectors that allow it to
evade detection and destruction during the host immune response (Rigby and DelLeo,
2012). An additional factor is the infected epithelium itself, here the pathogen is
detected and the resident cells produce factors to directly protect the tissue, such as
anti-microbial peptides, and cytokines and chemokines to recruit and direct the actions
of immune cells (Menzies and Kenoyer, 2005; Miller and Cho, 2011). Finally, the
leukocytes themselves that are recruited to kill the pathogen and/or protect host tissue
from invasion. In this process, neutrophils are the most abundant of these immune cells,
and they must integrate multiple signals to preserve host tissues while simultaneously
performing their destructive function of microbe killing. This work focuses on how
signaling from the host epithelium in response to S. aureus, in the form of IL-20 acting in
concert with other host factors, affects the epithelium itself and the multiple functions of

neutrophils during staphylococcal infection.
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CHAPTERI

IL-20 MEDIATES RESPONSES OF HUMAN BRONCHIAL EPITHELIAL CELLS

DURING IN VITRO INFECTION WITH STAPHYLOCOCCUS AUREUS

Introduction

Staphylococcus aureus can persist in the respiratory tract in asymptomatic
colonization or it can cause a range of infections, the most severe being necrotizing
pneumonia (Parker and Prince, 2012). The most virulent strains of S. aureus, such as
USA300, cause a relatively more exuberant pro-inflammatory response compared to
other strains, contributing to the high mortality associated with them (DelLeo et al., 2010;
Montgomery et al., 2008). Although neutrophils are required for clearance of S. aureus
from peripheral tissues, excessive amounts of neutrophils and their bactericidal factors
present during such heightened inflammatory responses can cause damage to host
tissues (Diep et al., 2010); thus, the intensity of the immune response to S. aureus
contributes heavily to the outcome of infection.

Once S. aureus invades the airways, initial detection of staphylococcal
lipoteichoic acid occurs via TLR2 expressed on bronchial cells of the airway epithelium
(Hoogerwerf et al., 2008). Activation of signaling through TLR2 induces production of IL-
1B and other factors that then activate dendritic cells and macrophages, initiating a
cascade that leads to production of GM-CSF, TNFa and IL-8 to recruit neutrophils

(Parker and Prince, 2012; Sorrentino et al., 2008). IL-17 production is also a critical
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aspect of a protective immune response that contributes to neutrophil recruitment during
infection with S. aureus, and its importance has been demonstrated in multiple contexts.

During co-infections with influenza and S. aureus, there is increased pathology
and mortality due to S. aureus caused by an influenza-mediated impaired IL-17
response (Kudva et al., 2011; Lee et al., 2010; Small et al., 2010). Additionally, Hyper
IgE Syndrome (HIES) patients have increased incidence of and susceptibility to
infection of the skin and lungs with S. aureus because they lack Th17 cells, a major
source of IL-17 during staphylococcal infection (Freeman and Holland, 2008; Ma et al.,
2008). This requirement for IL-17 is a shared aspect of protective immune responses to
S. aureus infection in the skin and lung, as signaling by IL-17 facilitates downstream
signaling from resident cells in these tissues to allow sufficient neutrophil recruitment for
clearance of staphylococci (Minegishi et al., 2009).

The pro-inflammatory response mediated by cytokine and chemokine signaling
from host epithelial cells plays a central role in activating an appropriate immune
response to S. aureus. A recent addition to this increasingly complex signaling milieu is
IL-20, a member of the IL-20 subfamily of cytokines that also includes IL-19 and IL-24,
all of which signal through Type | or Type Il IL-20 receptors (Blumberg et al., 2001). It
was previously found that, during in vitro challenge with S. aureus USA300, primary
human keratinocytes produced IL-20 and addition of exogenous IL-20 inhibited the
production of IL-1f by these cells (Myles et al., 2013). This corresponded to observed
affects of signaling through IL-20 receptors on IL-1f production in a cutaneous mouse
model of S. aureus infection; however, the dominant cytokines signaling through IL-20

receptors during infection in mice were IL-19 and IL-24 (Myles et al., 2013). Inhibition of
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IL-18 production by signaling through IL-20 receptors led to a reduction in IL-17 in
lesions in infected mice, and contributed to pathology of infection with increased CFUs
and lesion sizes in wild-type mice, compared to IL-20 receptor knockout mice (Myles et
al., 2013). Because IL-20 receptor signaling decreased the production of these key pro-
inflammatory cytokines by infected tissue or keratinocytes in pure culture, signaling
through this receptor was concluded to have an anti-inflammatory role during S. aureus
infection of the skin (Kaplan, 2013; Myles et al., 2013).

The IL-20 receptors and IL-20 itself are also expressed in human lung tissue
(Hsing et al., 2006; Parrish-Novak et al., 2002). In addition to its anti-inflammatory role
in the skin during infection, IL-20 also plays a role in antimicrobial peptide (AMP)
production (Sabat, 2010; Wegenka, 2010). AMPs provide important protection to the
lung epithelium during S. aureus infection. In particular, Regllly has direct bacteriostatic
and bactericidal activity against S. aureus, demonstrated both in vivo in a murine
pneumonia model and in vitro using purified Regllly (Choi et al., 2013; Lehotzky et al.,
2010). Antibody blockade of Regllly in mice intranasally infected with S. aureus USA300
resulted in significantly increased CFUs recovered from the lungs, and administration of
recombinant Regllly to mice deficient in its production rescued their defect in clearance
of S. aureus from the lung (Choi et al., 2013). Production of Regllly in the lung is
initiated via activation of STAT3, a known pathway activated in epithelial cells by the IL-
20 receptors (Dumoutier et al., 2001; Xu et al., 2007). Given the parallels between
cytokine-mediated immune responses of the skin and the lung, and the expression of
IL-20 receptors in lung epithelial cells where STAT3 mediated Regllly production in

response to S. aureus infection is protective, we investigated whether IL-20 modulates
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cytokine or AMP expression in human bronchial epithelial cells during in vitro challenge

with S. aureus.

Results
BEAS2b cells express an IL-20 receptor and produce IL-20 in response to S.
aureus

The human bronchial epithelial cell line BEAS2b was selected to evaluate how
IL-20 mediates human airway epithelial cell responses to S. aureus, as it is a cell line
derived from immortalized healthy bronchial cells that maintain most morphological
features of freshly obtained primary bronchial epithelial cells (Ke et al., 1988; Kinnula et
al., 1994). BEAS2b cells were evaluated for both Type | and Type Il IL-20 receptor
expression by immunofluorescence microscopy. IL-20 receptors are heterodimers of IL-
20RB paired with either IL-20RA or IL-22RA for Type | or Type Il receptors, respectively
(Blumberg et al., 2001; Wegenka, 2010). Based on microscopy of unstimulated BEAS2b
cells for all three receptor chains, these cells express IL-22RA and IL-20RB, indicating
that they express the Type Il, but not Type I, IL-20 receptor (Figure 4A). IL-20 has been
reported to signal through STAT3 in epithelial cells via both Type | and Type Il receptors
(Blumberg et al., 2001; Dumoutier et al., 2001). IL-20 mediated activation of this
pathway via the IL-20 receptor expressed by these cells was confirmed by western blot
of lysates from BEAS2b cells that were treated with recombinant human IL-20 (rhlL-20)
in the presence or absence of antibody blockade of IL-20RB (Figure 4B). Dose-
dependent STAT3 activation was observed in cells incubated with rhiL-20, and this

signaling was blocked by addition of an anti-IL-20RB antibody (Figure 4B). Taken
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together, these data show that BEAS2b cells express an IL-20 receptor that is activated
by IL-20 and signals via STATS3.

As stated previously, primary human keratinocytes were shown to produce IL-20
in response to S. aureus USA300, and addition of rhlL-20 with S. aureus had an anti-
inflammatory effect by inhibiting IL-18 production (Myles et al., 2013). Given the
similarities between cytokine responses to S. aureus in the skin and lung (Minegishi et
al., 2009), BEAS2b cells were evaluated for their production of select pro-inflammatory
and IL-20 subfamily cytokines; and, a murine pneumonia model was used to evaluate
IL-20 subfamily cytokine expression in vivo in the lungs of mice (Figure 5). S. aureus
USA300 was added at a MOI of 1 to BEAS2b cells cultured on collagen coated flasks,
and cytokine expression at the transcript and protein levels were examined at two and
six hours, respectively. Comparing uninfected BEAS2b cells to those incubated with S.
aureus USA300, there was the expected induction of the pro-inflammatory factors IL-1p
and IL-8 by S. aureus at the transcript level (Figure 5A), and high levels of IL-8 were
detected in the supernatants of infected cells (Figure 5B). Infection with S. aureus also
strongly induced the production of IL-20 transcripts (Figure 5A), and IL-20 was also
detected in the supernatants of BEAS2b cells that were infected with S. aureus (Figure
5B). IL-19 was also detectable, but at approximately ten fold lower levels than IL-20 at
both the transcript and protein levels (Figure 5A and 5B). Also, BEAS2b cells do not
appear to express a Type | IL-20 receptor, which is required for binding IL-19, making it
unlikely that IL-19 acts on these airway epithelial cells (Dumoutier et al., 2001; Logsdon

et al., 2012; Parrish-Novak et al., 2002).
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In the murine pneumonia model, mice expressed IL-19 and IL-24 by 6 h p.i. but
no IL-20 was detected in murine lung tissue at either 6 or 48 h p.i. (Figure 5C). This
difference in IL-20 subfamily cytokine expression in response to S. aureus infection is
similar to previously reported findings in the skin, where mice also expressed IL-19 and
IL-24, but human keratinocytes expressed mainly IL-20 (Myles et al., 2013). Evaluation
of cytokine production by BEAS2D cells infected with S. aureus showed that these cells
have the expected pro-inflammatory cytokine response of epithelial cells and that, like
primary human keratinocytes, they produce IL-20 in response to infection with S. aureus

USA300.

IL-20 receptor signaling modulates IL-8 and Regllly production by BEAS2b cells
during infection with S. aureus

To determine the effects of IL-20 on their pro-inflammatory signaling during
infection with S. aureus, BEAS2b cells were pre-incubated with an anti-IL-20RB
antibody to block signaling by IL-20. When signaling through the IL-20 receptor was
blocked, there was a significant increase in IL-8 detected in BEAS2b cell supernatant at
4 hours post-infection with S. aureus USA300 at MOI 1 (Figure 6A). Because IL-8 is a
major signal that stimulates neutrophil recruitment to a site of infection, neutrophil
migration in the presence or absence of IL-20 receptor blockade was evaluated using a
transwell migration assay in which human neutrophils were added to transwell inserts in
24 well plates containing BEAS2b cells at 2 hours post-infection (p.i.). Neutrophils were
recovered from the lower chamber containing the infected epithelial cells after being

allowed to migrate from the transwell insert for three hours and enumerated by counting
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in a hemacytometer. Similar to the previously reported effects of IL-20 receptor
signaling seen in cutaneous infection in mice (Myles et al., 2013), blockade of IL-20
receptor signaling in vitro enhanced neutrophil migration to infected BEAS2b cells
(Figure 6B).

IL-20 has been shown to modulate the production of AMPs in human
keratinocytes and reconstituted epidermis, where it enhances the production of §3-
defensins (Sa et al., 2007). Because of its dependence on STAT3 activation for its
production and its demonstrated anti-staphylococcal activity (Choi et al., 2013), Regllly
was evaluated in the supernatants of BEAS2b cells that were infected with S. aureus as
described previously. Regllly was produced by BEAS2b cells in response to S. aureus,
and addition of rhIL-20 with S. aureus significantly increased concentration of Regllly in
supernatants (Figure 7A). Additionally, treatment of BEAS2b cells with an anti-IL-20RB
antibody significantly decreased the amount of Regllly detected in supernatants of
infected cells (Figure 7B). Taken together, these data demonstrate that signaling
through the IL-20 receptor by IL-20 directly modulates innate immune responses of
human bronchial epithelial cells to S. aureus infection in vitro by inhibiting the production

of IL-8 and enhancing the production of Regllly.

Modulation of innate immune response from BEAS2b cells by IL-20 does not
provide protection during in vitro infection with S. aureus

Although the anti-inflammatory response mediated via IL-20 receptor signaling
was previously shown to contribute to the pathology of cutaneous infection with S.

aureus in mice (Myles et al., 2013), its reduction of neutrophil recruitment in vivo in mice
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and in vitro in a transwell migration assay, along with its induction of Regllly in BEAS2b
cells, indicate that its signaling may be geared to protect host tissues during infection.
To evaluate this potential role for IL-20 receptor signaling, lysis of BEAS2b cells during
infection with S. aureus was evaluated using a lactate dehydrogenase (LDH) release
assay. Compared to uninfected cells, LDH levels were significantly increased in
BEAS2b cell supernatants at 4 hours p.i. with S. aureus (Figure 8A). Blockade of IL-20
receptor signaling led to a slight decrease in cell lysis, but this was not a significant
change in cell survival (Figure 8A).

Staphylococci in the wells of infected BEAS2D cells were also quantified to
determine if the inhibition of Regllly production observed with antibody blockade of the
IL-20 receptor resulted in a detectable change in bacterial growth over the course of
infection. The significant reduction in Regllly observed with antibody blockade of IL-20
receptor signaling did not lead to a concomitant significant increase in staphylococcal
growth in culture with infected BEAS2b cells (Figure 8B). There was slightly less S.
aureus growth in the culture media of cells treated with the anti-IL-20RB antibody,
though this was not a significant difference from the isotype control or media alone
(Figure 8B). Although a protective mechanism for IL-20 receptor signaling in infected
BEAS2b cells could not be identified using the above measurements, cell lysis and
bacterial growth, this does not exclude the possibility that anti-inflammatory signaling by
the IL-20 receptor may provide some protection during in vivo infections.

Discussion
The immune response to S. aureus in the airways is initiated by cytokines and

chemokines released from epithelial cells, which also produce AMPs to provide
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protection via their direct antimicrobial activity (Choi et al., 2013; Parker and Prince,
2012). BEAS2D cells, derived from healthy primary bronchial epithelial cells, express IL-
20 and an IL-20 receptor. Transcript levels of IL-20 are increased by approximately 70-
fold by these cells in response to S. aureus, indicating a role for this cytokine, signaling
through the IL-20 receptor, in the response of airway epithelial cells to staphylococcal
infection. The origin of the signaling that initiates expression of IL-20 in response to S.
aureus is not clear. In the skin, IL-20 is known to be induced by IL-1f in keratinocytes;
however, a link between IL-1f and IL-20 production in lung epithelial cells was not
established, as IL-1p protein was not detected in the supernatant of BEAS2b cells. In
the previously reported murine cutaneous model of infection, IL-20 receptor signaling
promoted an anti-inflammatory response driven by inhibition of IL-1f that led to
downstream inhibition of IL-17A and reduced neutrophil recruitment to the site of
infection (Myles et al., 2013). Here, in bronchial epithelial cells, signaling through the IL-
20 receptor did not affect transcript levels of IL-1p, rather it directly affected production
of the chemokine IL-8, a potent attractor of neutrophils (Baggiolini et al., 1989; Colditz et
al., 1989). IL-20 receptor-mediated inhibition of IL-8 was shown to affect neutrophil
recruitment in a transwell migration assay, as the blockade of IL-20 receptor signaling
resulted in significantly more neutrophils migrating to the infected BEAS2b cells. This
signaling could potentially have a similar consequence of reducing neutrophil
recruitment in vivo in a manner that contributes to pathology associated with S. aureus
pneumonia; however, lung tissue has a more fragile structure compared to skin, so it is
possible that the reduced neutrophil recruitment mediated by IL-20 would aid in

preserving host tissue.
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The production of AMPs by epithelial cells in response to infection with S. aureus
or other bacterial pathogens serves as an innate immune mechanism that can be
directly protective for these cells (Bartlett et al., 2008). The present study showed that
IL-20 induces production of Regllly and inhibition of IL-20 receptor signaling significantly
reduces the concentration of this AMP in the supernatants of BEAS2b cells infected with
S. aureus. Regllly is produced by lung epithelial cells in a STAT3 dependent manner
and has direct antimicrobial and bacteriostatic activity against S. aureus, and is
protective in vivo in a mouse model of pneumonia (Choi et al., 2013). IL-20 activated
STAT3 in BEAS2b cells via the IL-20 receptor, so its induction of STAT3-regulated
Regllly is in line with previous findings regarding regulation of this AMP. Although no
protective mechanism could be identified for the IL-20 mediated responses of lung
epithelial cells infected with S. aureus, the regulation of the innate immune response in
lung epithelial cells by this cytokine is a novel aspect of innate immunity in this tissue

where balancing inflammation is critical to the survival of the host.
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CHAPTERII

HUMAN NEUTROPHILS ALTER THEIR IL-20 RECEPTOR EXPRESSION AND IL-20

INHIBITS NEUTROPHIL MIGRATION IN VITRO

The work provided for this chapter is a portion of a published manuscript in Journal of
Immunology entitled: IL-20 signaling in activated human neutrophils inhibits neutrophil
migration and function. The authors of that manuscript were Portia Gough, Sundar

Ganesan and Sandip K Datta.

Introduction

Neutrophil recruitment and bactericidal activity are required to resolve and control
infection of skin and other epithelial sites with Staphylococcus aureus (Cho et al., 2012;
Miller and Cho, 2011; Minegishi et al., 2009; Robertson et al., 2008). The critical nature
of neutrophils to the host response to staphylococcal infection of the skin and lungs can
be appreciated in the enhanced susceptibility of patient populations with defects in
neutrophil number or function to such infections (Pozzi et al., 2015; Winkelstein et al.,
2000). A hallmark of the response to infection at a localized site in the body is the
initiation of inflammation: after detecting a pathogen, epithelial cells and resident
leukocytes release pro-inflammatory factors to attract neutrophils from circulation
(Janeway and Medzhitov, 2002; Medzhitov, 2007; O'Shea and Murray, 2008).

This essential component of the host response is driven by cytokine and chemokine

signals that directly target neutrophils via specific cell surface receptors through which
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these host signals modulate multiple neutrophil functions (El-Benna et al., 2008;
Kielland et al., 2009; Rigby and DelLeo, 2012; Tufano et al., 1991).

IL-19, IL-20, and IL-24, members of the IL-20 subfamily of cytokines, were
recently identified as part of the epithelial cytokine signaling response to S. aureus skin
infection, contributing to the pathogenesis of infection by inhibiting the production of pro-
inflammatory factors, such as IL-1p and IL-17, and thereby reducing neutrophil
recruitment (Myles et al., 2013). In these studies, a species-specific pattern of induction
for these cytokines was noted: human keratinocytes produced IL-20 at high levels when
challenged with S. aureus in vitro, whereas IL-19 and IL-24 expression was more
prevalent in mice during cutaneous infection (Myles et al., 2013). A similar pattern of
expression of these cytokines was found in models of lung infection with S. aureus.
Human bronchial epithelial cells expressed mostly IL-20 when infected with S. aureus in
vitro, and mice expressed IL-19 and IL-24, but not IL-20, in a S. aureus pneumonia
model (Figure 5). Both humans and mice express IL-20 subfamily cytokines in response
to infection with S. aureus, but the prevalence of individual cytokines differs between
these species, as human epithelial cells preferentially produce IL-20 instead of I1L-19
and IL-24.

The IL-20 subfamily cytokines signal through two distinct receptor complexes that
consist of the common IL-20RB chain dimerized with either IL-20RA (Type 1) or IL-22RA
(Type 1), and all three receptor chains have been identified in skin and lung tissues of
humans (Blumberg et al., 2001; Parrish-Novak et al., 2002; Wegenka, 2010).
Expression of IL-20RB has not been reported in neutrophils, but expression of IL-20RA

and IL-22RA has been described in synovial fluid cells, which consist mostly of
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neutrophils that have migrated to an inflammatory joint (Hsu et al., 2006; Kragstrup et
al., 2008). However, the functional consequences of expression of these receptors in
neutrophils have not been well characterized.

To facilitate appropriate responses to signaling cues at infected sites, neutrophils
undergo changes in their receptor expression as they transition from their resting state
in circulation, with low levels of receptor expression for a limited repertoire of cytokines,
to their activated state, with an expanded variety of receptors (Borregaard et al., 2007).
This transition from limited to high responsiveness originates from secretory vesicles
within the neutrophil, which serve as the primary source of surface receptors as they
fuse with the plasma membrane during migration from circulation into peripheral tissues
(Borregaard et al., 1987; Sengelov et al., 1995; Sengelov et al., 1993). The origin of
cytokine receptors from preformed compartments, rather than de novo synthesis, allows
neutrophils to rapidly alter their functionality in response to pathogenic threats and is a
fundamental aspect of their biology.

Receptors for IL-8 and TNFa, notably potent activators of neutrophils that are
produced in response to S. aureus, are expressed on resting neutrophils, and their
effects on neutrophil function have been well characterized (Fournier, 2012; Nathan,
2006). IL-8 is a chemotactic factor that induces directional migration of neutrophils, and
TNFa enhances phagocytosis, ROS production and degranulation in adherent
neutrophils (Ferrante et al., 1993; Hammond et al., 1995). The effects of these and
other cytokines require dynamic changes in the actin cytoskeleton of neutrophils to

modulate multiple functions including migration, ROS production, phagocytosis and
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granule exocytosis (Castellano et al., 2001; El-Benna et al., 2008; Jog et al., 2007;
Weiner et al., 1999).

Chemotaxis stimulated by IL-8 and other chemokines requires the polarization of
polymerized actin within the neutrophil, creating a leading edge that pulls the cell along
increasing concentration of chemotactic factor in a gradient toward its originating source
(Weiner et al., 1999; Zhelev et al., 2004). While IL-8 acts as a trail of chemical
breadcrumbs of increasing concentration that leads the neutrophil to the site of
infection, TNFa is encountered once the neutrophil is at the target site and aids in
arresting migration here (Lokuta and Huttenlocher, 2005). Rather than stimulating the
formation of a leading edge that is consistent with migration, TNFa causes neutrophils
to form focal adhesions and adopt a ‘spread’ morphology (Kutsuna et al., 2004; Lokuta
and Huttenlocher, 2005). Thus, the different functions mediated by these two pro-
inflammatory factors can be observed in the different ways that they affect neutrophil
morphology through corresponding rearrangements of the actin cytoskeleton that
support these functions.

Like IL-8 and TNFa, IL-20 is also produced by epithelial cells and resident or
recruited leukocytes in response to S. aureus, but receptor expression for this cytokine
and its potential effects on neutrophils have not been characterized. In addition to its
effects on pro-inflammatory signaling in epithelial cells during infection with S. aureus,
IL-20 has been shown to affect actin polymerization and actin mediated processes such
as migration in endothelial and dendritic cells (Bech et al., 2016; Hammer et al., 2009;
Tritsaris et al., 2007). Given the importance of neutrophils in the innate immune

response to S. aureus infection in the skin and lung, and the documented production of
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IL-20 in response to such infections in the skin and lung, we sought to better
characterize the determinants and functional consequences of IL-20 receptor
expression directly on neutrophils. Here, we report that human neutrophils alter their IL-
20 receptor chain expression upon exposure to conditions that mimic those

encountered during infection.

Results
Human neutrophils express IL-20RB when activated

To assess IL-20 receptor expression on human neutrophils, we first examined
neutrophils isolated from peripheral whole blood of healthy volunteers. Detection of
each receptor chain (IL-20RA, IL-22RB, and IL-20RB) by flow cytometry revealed
expression of IL-22RA on a proportion of neutrophils that varied between donors (Figure
9A). In contrast, there was little to no IL-20RA and IL-20RB detected on peripheral
blood neutrophils (Figure 9A).

Since neutrophils harbor receptors in their secretory vesicles and granules and
alter cell surface expression of receptors upon migration to a site of inflammation or
infection (Borregaard et al., 2007; Kolaczkowska and Kubes, 2013), we extended our
evaluation to include neutrophils that had extravasated from circulation in vivo in
response to an inflammatory stimulus. To do this, we harvested neutrophils recruited
into suction blister chambers on healthy volunteers that contained saline or lethally
irradiated strains of S. aureus. These extravasated neutrophils displayed altered
expression of IL-20 receptor chains compared to those in peripheral blood. Compared

to each donor’s own peripheral blood neutrophils, a lower frequency of their blister
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neutrophils displayed IL-22RA and a higher frequency displayed IL-20RB (Figure 9B).
Extravasation into the saline-containing blister chamber accounted for most of the
alteration in receptor expression, but exposure to S. aureus seemed to further alter
expression in some donors (Figure 9B).

To determine whether migration of neutrophils toward infected epithelial cells in
vitro could mimic the IL-20R expression pattern seen in the in vivo blister studies, we
infected human bronchial epithelial (BEAS2b) cells with S. aureus. Neutrophils were
then allowed to migrate for three hours across a semi-permeable transwell membrane
into the well containing the infected epithelial cells. The migrated neutrophils had
significantly upregulated IL-20RB and downregulated IL-22RA compared to peripheral
blood neutrophils (Figure 10A). Low levels of migration to uninfected cells occurred, but
did not significantly alter receptor expression (Figure 10A). Migration toward infected
cells appeared to be a key trigger for this pattern of receptor expression, as incubating
adherent neutrophils with sterile filtered supernatant from infected cells similarly
reduced IL-22RA expression but did not alter IL-20RB expression (Figure 10A).

Neutrophils encounter and respond to cytokines released at sites of
inflammation. IL-8 is an important neutrophil chemoattractant, and incubation with TNFa
is known to ‘prime’ neutrophils and enhance their subsequent functionality (Ferrante et
al., 1993; Hammond et al., 1995; Tufano et al., 1991). To mimic migration induced by
IL-8 and determine whether this induced changes in IL-20 receptor chain expression,
neutrophils were allowed to migrate across a semi-permeable transwell insert into wells
containing either recombinant human (rh) IL-8 alone or rhiL-8 with S. aureus. Migration

to rhIL-8 caused a significant reduction in IL-22RA expression, but no significant change
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in IL-20RB. Migration across the transwell membrane toward S. aureus induced both a
significant increase in IL-20RB expression and a decrease in IL-22RA, and this was not
further altered by concurrent administration of rhlL-8 (Figure 10B). Priming of
neutrophils by direct incubation with TNFa similarly reduced the frequency of IL-22RA+
cells and increased the frequency of IL-20RB+ cells (Figure 10C). Direct incubation with
S. aureus did not alter IL-20RB surface expression in unprimed neutrophils, but further
augmented it in those primed with TNFa (Figure 10C). IL-20RA expression was
examined separately since detection antibodies for IL-20RA and IL-22RA were both
generated in rabbits and could not be used together. Collectively, these results indicate
that human neutrophils modulate their expression of the IL-20 receptor chains IL-22RA
and IL-20RB. Downregulation of IL-22RA seems to be a common response to
migration, inflammatory cytokines, and bacteria. In contrast, induction of IL-20RB
appears to be part of a more stringently controlled neutrophil response to infection, as it
was stimulated only by S. aureus-induced migration or infection of TNFa-primed

neutrophils.

IL-20 modulates actin polymerization in neutrophils

Changes to the actin cytoskeleton drive key neutrophil processes during infection
including phagocytosis, granule exocytosis, and migration (Castellano et al., 2001; Jog
et al., 2007; Kredel et al., 2014; Weiner et al., 1999). To directly assess the effect of IL-
20 on the actin cytoskeleton in neutrophils, polymerized actin (F-actin) was visualized
by phalloidin staining and confocal microscopy of infected neutrophils treated with IL-8,

TNFa, or IL-20 for 1 minute. These conditions were selected based on modulation of IL-
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20 receptor expression, particularly upregulation of IL-20RB. Morphological changes
with increased peripheral polarization of F-actin attributable to IL-20 was observed in
neutrophils treated with either IL-8 or TNFa and was especially prominent in those
treated with TNFa (Figure 11A). For each condition, an automated tiling method was
used to collect 25 unbiased fields of view that were then used for fluorescence
quantification that was normalized to the number of cells per field to compare levels of
F-actin. IL-8- and TNFa-primed neutrophils infected with S. aureus had significantly
increased F-actin content when treated with IL-20, while those infected with S. aureus
alone responded to IL-20 with significantly reduced levels of F-actin (Figure 11B). These
results identify that IL-20 modifies F-actin content and organization in S. aureus-infected

human neutrophils.

IL-20 signals via ERK1/2 in activated neutrophils

IL-20 has been reported to activate STAT3, p38 MAPK, or ERK1/2 in different
cell types (Bech et al., 2016; Blumberg et al., 2001; Hammer et al., 2009; Parrish-Novak
et al., 2002). After exposure of neutrophils to IL-20, we found STAT3 phosphorylation to
be minimal and inconsistent (not shown). Western blot of lysates from neutrophils that
were incubated with S. aureus (MOI 1) and 100 ng/mL IL-8 or 10 ng/mL TNFa for 10
minutes showed that ERK1/2 was phosphorylated in the presence of 10 ng/mL IL-20
(Figures 12A and 12B). In agreement with published findings regarding signaling by
TNFa in human neutrophils, phosphorylation of p38 MAPK was detected (Figure 12C);
and, IL-20 did not alter p38 MAPK activation in TNFa-primed neutrophils (Figure 12C).

Treatment of neutrophils with small molecule inhibitors SB 202190 or PD 98059,
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inhibited signaling by p38 MAPK or ERK1/2, respectively (Figure 12A-12C). The
inhibitor SB 202190 does not inhibit p38 MAPK phosphorylation directly, but inhibits
activation of its downstream targets, including ATF-2 (Wu et al., 2006); accordingly, this
inhibition was confirmed by Western blot (Figure 12C). Based on western blots of
neutrophil lysates, IL-20 activates ERK1/2 in these cells and this signaling can be

inhibited by treatment with PD 98059.

IL-20 inhibits neutrophil migration in vitro

Neutrophils have a hierarchical response to multiple signals that allows them to
reach a site of infection and arrest movement at the point of threat, be it wound or
infection (Heit et al., 2002; Liu et al., 2012). Actin dynamics that establish polarization
and pseudopod extension and other morphological changes are a critical component of
neutrophil migration (de Oliveira et al., 2016; Zhelev et al., 2004). To determine whether
IL-20 affects this actin-mediated process, neutrophils were incubated with S. aureus
and IL-8 and random migration was observed using live imaging via time lapse
microscopy. Neutrophils were seeded in coverglass slides in separate chambers and
infected with S. aureus in media alone or media supplemented with IL-8 or IL-8+IL-20.
Neutrophils in the presence of IL-20 began to arrest movement at approximately 15
minutes, while the neutrophils in the other chambers continued their movement (Figure
13: Supplemental Videos 1-3), indicating that IL-20 inhibits neutrophil migration induced
by IL-8 and S. aureus.

The aforementioned BEAS2b cells produce IL-20 and IL-8 in response to

infection with S. aureus (Figures 5A and 5B). Supernatants from these cells were
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obtained 4 hours post-infection and sterile filtered, and depleted of IL-20 by
immunoprecipitation (Figure 14A). Untreated and IL-20-depleted (‘alL-20’) supernatants
were added to cell culture plates and transwell inserts were placed in wells to which
1.5x10° neutrophils added. Neutrophils were allowed to migrate from the insert to the
supernatants for 3 hours before being collected from the lower chamber and
enumerated by manual count in a hemacytometer. Significantly more neutrophils were
recovered from the wells containing IL-20-depleted supernatant was relative to
untreated or isotype control-treated supernatant, and addition of recombinant human IL-
20 to the depleted supernatant returned migration to the lower levels seen with
untreated supernatant (Figure 14B).

In this system, inhibition of ERK1/2, but not p38 MAPK, increased migration to
levels similar to that seen with IL-20 depletion and this was not further affected by IL-20
depletion or repletion (Figure 15A). Addition of IL-20 also inhibited migration of
neutrophils from transwell inserts toward recombinant IL-8 and S. aureus (Figure 15B).
Inhibition of ERK1/2 did not affect migration induced by IL-8 and S. aureus, but
abrogated the inhibition of migration by IL-20 (Figure 15B). The transwell migration
assays and time lapse microscopy show that IL-20 inhibits neutrophil migration, and this

inhibition is dependent on activation of ERK1/2.

Discussion
Neutrophil function is modulated by the cytokines and chemokines encountered
during infection. Prior work by our lab in a model of S. aureus skin infection identified

anti-inflammatory effects of IL-20 receptor signaling that included diminished
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recruitment of neutrophils to infected lesions in mice (Myles et al., 2013). IL-20 has
been reported to similarly inhibit neutrophil recruitment in a mouse model of corneal
wound healing (Zhang et al., 2017). These studies focused on the impact of IL-20 on
neutrophil recruitment by epithelial cells, recognized targets of this cytokine in models of
psoriasis and wound healing (Otkjaer et al., 2007; Sa et al., 2007). However, analyses
of synovial fluid neutrophils from patients with rheumatoid arthritis have suggested
neutrophils may directly respond to this cytokine (Hsu et al., 2006; Kragstrup et al.,
2008). Our current study identifies the ability of inflammatory and infectious stimuli to
induce receptor expression on human neutrophils in a manner that allows IL-20 to
directly target these cells and influence their anti-bacterial and inflammatory properties.

Two IL-20 receptors have been reported, comprised of a common IL-20RB chain
that forms a heterodimer with either IL-20RA (Type |) or IL-22RA (Type Il) (Blumberg et
al., 2001; Wegenka, 2010). Both receptors have been found on epithelial cells, but their
expression on leukocytes has been less well characterized (Blumberg et al., 2001;
Parrish-Novak et al., 2002). RT-PCR data has shown expression of IL-20RB alone on
peripheral blood mononuclear cells, B cells, T cells, and NK cells (Wolk et al., 2002). IL-
20RB expression has not been reported on neutrophils, but IL-20RA and IL-22RA
receptor chains have been detected by flow cytometry on synovial membranes and
synovial fluid cells, including neutrophils, from patients with rheumatoid arthritis (Hsu et
al., 2006; Kragstrup et al., 2008), suggesting that the expression of these receptors may
be regulated by environmental cues.

In the present study, freshly isolated peripheral blood neutrophils expressed

detectable IL-22RA on their surface but did not express IL-20RA or IL-20RB. We found
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that expression of IL-20RB, common to both Type | and Type Il IL-20 receptors, was
upregulated in response to migration from circulation in vivo or stimulation with S.
aureus and pro-inflammatory host factors in vitro. These same conditions caused a
decrease in IL-22RA expression, indicating a possible balance between IL-20 receptor
and IL-22 receptor signaling since IL-22RA is used by both. Because detection of both
IL-20RA and IL-22RA depended on rabbit antibody reagents, we were limited in our
ability to determine co-expression of IL-20RA but found that its expression on
neutrophils was low and was further decreased on infected neutrophils after priming
with TNFa. Expression of IL-20RB correlated with responsiveness of neutrophils to IL-
20, suggesting that IL-20RB imparted its function by pairing with low levels of IL-22RA
or IL-20RA. However, we cannot rule out the possibility that IL-20 signals through a
non-canonical receptor in neutrophils.

Consistent with utilization of JAK-STAT signaling pathways by the Class |l
cytokine receptor family (Bazan, 1990; Kotenko and Pestka, 2000; Ouyang et al., 2011),
IL-20 receptor signaling has been described to involve STATS3 in epithelial cells
(Blumberg et al., 2001; Parrish-Novak et al., 2002). Activation of p38 MAPK and
ERK1/2 by the cytokine IL-20 has also been reported in dendritic cells and endothelial
cells, respectively (Bech et al., 2016; Hammer et al., 2009). Furthermore, IL-20 has
been shown to activate ERK1/2 in rheumatoid arthritis synovial fibroblasts, which are
comprised of mostly neutrophils (Hsu et al., 2006). We detected inconsistent and
minimal phosphorylation of STATS3 in neutrophils in response to IL-20, and show that
activation of ERK1/2 occurs in neutrophils and is required for the functional effects of IL-

20 observed during infection in vitro.
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Our observed inhibitory effects on neutrophil migration are consistent with
decreased neutrophil accumulation reported in in vivo models (Myles et al., 2013;
Zhang et al., 2017), but contrast with the reported ability of IL-20 to directly induce
neutrophil chemotaxis in vitro (Hsu et al., 2006). These discrepancies may reflect
differential neutrophil activation states that are determined by environmental cues. We
suggest that the inhibition of neutrophil function seen in our in vitro models mimicking
infection with S. aureus is linked to the altered polymerization of actin seen by confocal
microscopy of neutrophils after exposure to IL-20, since migration requires dynamic
actin rearrangement (Weiner et al., 1999). This work establishes IL-20 as a cytokine
that can directly target neutrophils at a site of infection with S. aureus and shows that its
effects are mediated via activation of ERK1/2. Because IL-20 affects actin dynamics in
neutrophils, and these cells rely on changes to the cytoskeleton to perform multiple
functions, it is worthwhile to consider other potential functions that IL-20 may affect:

namely, phagocytosis and granule exocytosis.
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CHAPTERIII

IL-20 INHIBITS RESPONSES OF TNFa-PRIMED NEUTROPHILS TO INFECTION

WITH STAPHYLOCOCCUS AUREUS

The work provided for this chapter is a portion of a published manuscript in Journal of
Immunology entitled: IL-20 signaling in activated human neutrophils inhibits neutrophil
migration and function. The authors of that manuscript were Portia Gough, Sundar

Ganesan and Sandip K Datta.

Introduction

Neutrophils are the most abundant leukocyte in humans and exhibit multiple
antimicrobial mechanisms that are critical for protection of the host against infection with
extracellular bacterial and fungal pathogens (Miller and Cho, 2011; Rigby and DelLeo,
2012; Spaan et al., 2013). For example, their central role in controlling and resolving
infections with the bacterial pathogen Staphylococcus aureus is illustrated by the
increased severity and frequency of these infections in patients with disorders of
neutrophil number or function (Winkelstein et al., 2000). S. aureus is a leading cause of
infectious morbidity and mortality even in immunocompetent hosts. It most frequently
displays its propensity to transition from a colonizer to a pathogen at epithelial barrier
sites, such as the skin and lung, but it can also disseminate from these sites and cause

severe invasive disease (Foster, 2005; Lowy, 1998).
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As professional phagocytes that produce large amounts of reactive oxygen
species (ROS), both in the phagosome and extracellular space, neutrophils are
particularly well suited to killing S. aureus, compared to other phagocytes (Rigby and
DelLeo, 2012). When they encounter staphylococci or other bacteria, they are able to
phagocytose the invading agent in as little as 20 seconds (Segal et al., 1980). Once the
phagosome has formed, neutrophil granules fuse with it to provide proteases,
antimicrobial peptides and NADPH oxidase components that create a hostile
environment for invading microbes (Karlsson and Dahlgren, 2002). Additionally, these
antimicrobial granule contents are released into the extracellular space (Figure 3)
(Borregaard et al., 2007). The chromosomal content of neutrophils also serves to
restrict bacterial growth as neutrophils undergo a specific form of cell death called
NETosis, releasing their chromatin into the extracellular space to ensnare bacteria and
create a concentrated area of antimicrobial peptides and proteases (Brinkmann et al.,
2004; Brinkmann and Zychlinsky, 2012; Fuchs et al., 2007). Phagocytosis, granule
fusion and exocytosis, ROS production and NETosis all combine to make neutrophils
particularly well-suited to killing S. aureus, a bacterial pathogen with multiple
mechanisms to evade destruction.

During epithelial infections with S. aureus, cytokines are produced at the site of
infection to attract the appropriate leukocytes and modulate their function, both initiating
and resolving the inflammatory response (Hutchins et al., 2013; Medzhitov, 2007).
TNFa is an important pro-inflammatory cytokine produced in response to S. aureus
infection, as it arrests migration at the site of infection and enhances neutrophil

antimicrobial functions (Ferrante et al., 1993; Lokuta and Huttenlocher, 2005; Lowy,
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1998). In order to fully respond to TNFa with enhanced antimicrobial functions,
neutrophils require a second signal, via engagement of their integrin receptors by
ligands such as ICAM-1 (Nathan, 1987). Adherent neutrophils that are treated with
TNFa in vitro are ‘primed’, a state between resting and activated that is defined by
increased production of ROS, degranulation and rate of phagocytic uptake upon
encountering a microbial threat (Chakrabarti et al., 2006; El-Benna et al., 2008; Wewers
et al., 1990). Changes in receptor expression can also result from activation of TNFa-
primed neutrophils, as shown in the previous chapter where IL-20 receptor expression
was altered under these conditions.

In the previous chapters, it was shown that IL-20 is produced by human epithelial
cells during in vitro infection with S. aureus, that neutrophil IL-20 receptor expression
changes upon priming with TNFa and that IL-20 can alter actin polymerization in these
cells. Actin polymerization changes rapidly in neutrophils to facilitate multiple functions,
including migration, phagocytosis and granule exocytosis (Nordenfelt and Tapper, 2011;
Weiner et al., 1999). Migration requires a polarized morphology that allows the cell to
pull itself along a surface, phagocytosis is associated with localized polymerization and
depolymerization underneath the particle bound to the cell surface, and granule
exocytosis is aided by depolymerization of actin along the plasma membrane of the cell
(Downey et al., 1990; Nathan, 2006). TNFa has been shown to induce morphological
changes in neutrophils that cause them to become adherent by altering the actin
cytoskeleton to induce a spread morphology, rather than polarized, and create focal
adhesions (Lokuta and Huttenlocher, 2005). These cytoskeletal changes are thought to

arrest migration and allow increased granule exocytosis observed in TNFa-primed
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neutrophils (Chakrabarti et al., 2006; Kutsuna et al., 2004; Lokuta and Huttenlocher,
2005). Changes in the actin cytoskeleton are accompanied by, and can be linked to,
detectable changes in neutrophil functions.

Neutrophil granules are specialized compartments that contain preformed
proteins that are relevant to the multiple functions of neutrophils. Produced during
maturation, the contents of both the granule lumen and membrane allow these cells to
respond to their environment rapidly, without requiring transcription and translation
(Amulic et al., 2012; Borregaard et al., 2007). There are three main granule populations:
primary, secondary and tertiary, which differ in the timing of their release, a process
called graded exocytosis (Lew et al., 1986; Sengelov et al., 1995). The differential
release of granule contents corresponds to the different functions that neutrophils
perform during their response to infection.

Early in the response to infection neutrophils migrate from circulation and into
peripheral tissues, a process aided by the release of matrix metalloproteinases (MMPs),
collagenases that degrade the extracellular matrix, contained in tertiary granules
(Borregaard et al., 1987; Delclaux et al., 1996). Once neutrophils are at the site of
infection, primary and secondary granules containing antimicrobial peptides, proteases
and NADPH oxidase components are released to the extracellular space and
phagosome (Lacy and Eitzen, 2008). Little is known of the exact mechanics of graded
exocytosis, but it is thought to be controlled in part by different associations with
cytoskeletal components. Tertiary granules are associated with the most actin
compared to primary and secondary granules; thus, their release is most affected by

changes to the actin cytoskeleton (Jog et al., 2007).
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The actin cytoskeleton has a central role neutrophil bactericidal functions, and IL-
20 affects actin polymerization in multiple cell types, including neutrophils (Bech et al.,
2016; Hammer et al., 2009). Here, IL-20 is shown to inhibit the actin-dependent
processes of phagocytosis and tertiary granule exocytosis in TNFa-primed neutrophils

during in vitro infection with S. aureus.

Results

IL-20 inhibits killing of S. aureus by TNFa-primed neutrophils in vitro

Since priming of neutrophils with TNFa. modulated their IL-20 receptor expression, we
evaluated whether TNFa-primed neutrophils had altered responsiveness to IL-20.
Epithelial cells produce IL-20 in response to infection with S. aureus, and incubation
with S. aureus enhances neutrophil expression of IL-20RB; so, IL-20 effects on
neutrophil bactericidal mechanisms were evaluated using an in vitro killing assay. To
model the epithelium and fully induce the priming response in neutrophils, the assay
was carried out with cells that were primed while adherent to cell culture plate wells that
were coated with ICAM-1 and autologous donor serum. IL-20 was then added along
with the inoculum of S. aureus, which was at MOI 1 to closely mimic the amount of
staphylococci in infected lesions (Leyden et al., 1974; Travers et al., 2010).

Priming with TNFa is known to enhance multiple bactericidal mechanisms in
neutrophils (Ferrante et al., 1993; Tufano et al., 1991). Consistent with this, fewer
colony forming units (CFU) of S. aureus were recovered in the presence of TNFa-
primed neutrophils (Figure 16B) compared to unprimed neutrophils (Figure 16A). In the

presence of IL-20, unprimed neutrophils had a slight, but significant, increase in CFUs
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of S. aureus at 4 hours post-infection (Figure 16A). Addition of IL-20 significantly
increased CFU recovered from TNFa-primed neutrophils at 2 and 4 hours post-infection
(Figure 16B).

A potential cause of the increased in CFUs mediated by IL-20 could be a
difference in cell death. If IL-20 induced apoptosis or allowed neutrophils to become
more susceptible to the leukotoxins produced by S. aureus, this would hinder their
ability to kill the staphylococci. To rule out differences in cell death as the cause of
altered bactericidal activity, neutrophils were stained with propidium iodide (PI) and an
antibody for Annexin V, to label dead and apoptotic cells, respectively, at 4 hours post-
infection (Figure 17A). Quantification of the populations of Annexin V+ and Pl+ cells
showed no significant difference, in the presence or absence of IL-20, in the percentage
of dead cells or those undergoing apoptosis (Figure 17B). Lysis of neutrophils was
assessed at multiple timepoints by LDH release assay, and this showed that neutrophils
infected with S. aureus undergo lysis over the course of the killing assay, but IL-20 did
not significantly alter the percent of lysed cells (Figure 17C). In the absence of a
difference in cell death, the increased CFUs in the presence of IL-20 indicates that it

affects one or more bactericidal mechanisms of neutrophils.

IL-20 does not affect ROS production or NET formation

Production of reactive oxygen species (ROS) is a major mechanism utilized by
neutrophils to kill staphylococci (Rigby and DelLeo, 2012; Segal, 2005). Total ROS
production was evaluated by addition of luminol, which generates luminescence when

reacting with ROS, to wells containing neutrophils that were either uninfected or infected
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with S. aureus as before. Measurements were taken every four minutes for four hours
and showed that, as expected, priming uninfected neutrophils with TNFa caused an
initial spike in ROS production (Figure 18A) (Dewas et al., 2003; Nathan, 1987).
Infection with S. aureus caused ROS production to increase by over two orders of
magnitude, and addition of IL-20 did not significantly change this response (Figure 18B).
NETS are another means by which neutrophils kill and control the growth of
staphylococci, releasing their nuclear contents into the extracellular space to trap
microbes in concentrated regions of antimicrobial factors (Brinkmann et al., 2004).
Because this mechanism relies on the release of dsDNA, the formation of NETs can be
measured by quantifying dsDNA or inhibited by addition of DNase to neutrophils
infected with S. aureus. Measurement of dsDNA in supernatants of neutrophils showed
that infection with S. aureus induces the release of neutrophil nuclear contents, and that
IL-20 does not affect the quantity of dsDNA released (Figure 19A). Addition of DNase to
infected neutrophils resulted in reduced bactericidal activity, but did not abrogate the IL-
20 mediated inhibition of bacterial killing, confirming that IL-20 does not modulate NET
formation (Figure 19B). Although IL-20 inhibits killing of S. aureus by neutrophils, it does

not affect the bactericidal mechanisms of ROS production or NETs.

IL-20 inhibits tertiary granule exocytosis

Granule exocytosis contributes to different aspects of neutrophil functions in response
to bacteria or other activating stimuli and requires translocation to the plasma
membrane via cytoskeletal remodeling (Jog et al., 2007; Mitchell et al., 2008). Primary,

secondary, and tertiary granules each contain different compositions of proteases,
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antimicrobial peptides, and other proteins that contribute to their distinct functional roles
in the response to infection (Borregaard et al., 2007; Cowland and Borregaard, 2016).
Exocytosis of each granule population occurs in a hierarchical manner dependent on
differential association with actin (Jog et al., 2007).

To evaluate whether IL-20 affects granule exocytosis, we measured the release
of protein markers for each granule population in supernatants of neutrophils that were
infected with S. aureus in vitro. IL-20 did not affect the concentration of neutrophil
elastase and lactoferrin, markers of primary and secondary granules, respectively
(Figure 20A-B). Granule exocytosis can also be detected based on expression of
certain membrane proteins that are known to originate from primary or secondary
granules. CD63 serves as a marker for primary granules, while secondary granule
exocytosis results in CD66b expression on the neutrophil surface (Bainton et al., 1987;
Borregaard et al., 2007). Staining neutrophils that were either uninfected or infected with
S. aureus for these markers and evaluating them by flow cytometry revealed that, as
expected, priming with TNFa alone induces secondary granule release (CD66b
expression) (Figures 20D and 20F); however, release of primary granules requires both
TNFa-priming and infection with S. aureus (Figures 20C and 20E). Again, IL-20 did not
affect the membrane expression of either CD63 or CD66b, confirming that it does not
modulate the release of primary or secondary granules.

Matrix metalloproteinases (MMPs), also called gelatinases, comprise the
predominant protein population in tertiary granules (Cowland and Borregaard, 2016;
Kjeldsen et al., 1992). The activity of gelatinases in neutrophil supernatants was

evaluated by gelatin zymography, where the clearing of gelatin in polyacrylamide gels is
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visualized by Coomassie stain. IL-20 reduced gelatinase activity in the supernatants of
TNFao-primed neutrophils that were infected with S. aureus (Figure 21A). The
concentration of the major constituent of tertiary granules, MMP9, was also significantly
reduced after exposure of infected neutrophils to IL-20 (Figure 21B). The reduced levels
of gelatinase activity and MMP9 in supernatants of neutrophils that were treated with IL-
20 suggests that the release of tertiary granules is inhibited by IL-20. Since tertiary
granules are more highly associated with actin than primary and secondary granule
populations, the inhibition of their release implies modulation by IL-20 of actin dynamics

in neutrophils during in vitro infection with S. aureus.

IL-20 inhibits phagocytic uptake of S. aureus by TNFa-primed neutrophils
To investigate the potential involvement of another pathway of bactericidal activity by IL-
20, we next assessed the effect of IL-20 on phagocytosis of S. aureus by neutrophils,
an actin-dependent process essential for intracellular killing (Castellano et al., 2001;
Rigby and DeLeo, 2012). Inhibition of actin polymerization by pre-treatment of
neutrophils with cytochalasin D resulted in a total abrogation of bactericidal activity, as
there was no difference in the quantity of CFUs of S. aureus in the presence or absence
of neutrophils at 4 hours post-infection (Figure 22A). This inability of cytochalasin D-
treated neutrophils to control the growth of S. aureus indicated that an actin-mediated
process was required for killing S. aureus in the in vitro assay.

Phagocytosis relies on intricate actin dynamics of polymerization to engulf a
particle, and depolymerization to take up the phagosome (Lee et al., 2003). A

gentamicin protection assay was used to evaluate this whether this process was
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affected by IL-20. In this assay, extracellular bacteria were killed by gentamicin
treatment, following this the cells were lysed and the detectable CFUs reflect
phagocytosed intracellular bacteria. By one hour after infection, IL-20 exposure lowered
the percentage of intracellular S. aureus recovered from TNFa-primed neutrophils
(Figure 22B), suggesting impairment of phagocytosis by IL-20. Inhibition of this function
that neutrophils require for killing staphylococci, along with the demonstrated effects of
IL-20 on actin polymerization in neutrophils, provides a mechanism by which IL-20

inhibits neutrophil bactericidal activity in vitro.

Inhibition of phagocytosis and tertiary granule exocytosis by IL-20 is mediated by
ERK1/2

In the previous chapter, it was shown that IL-20 activates ERK1/2 in TNFa-primed
neutrophils during infection with S. aureus, and does not affect p38 MAPK activation.
Additionally, activation of p38 MAPK or ERK1/2 could be inhibited by treatment with SB
202190 or PD 98059, respectively. To determine whether ERK1/2 activation by IL-20
was required for the observed inhibitory effects of this cytokine, bacterial killing and
phagocytosis were evaluated as before using neutrophils treated with SB 202190 or PD
98059. Inhibition of ERK1/2 by PD 98059 abrogated the IL-20-mediated differences in
bacterial killing and phagocytic uptake by TNFa-primed neutrophils (Figure 23A and
23B). Additionally, when ERK1/2 was inhibited, IL-20 treated neutrophils displayed
similar levels of tertiary granule release, as indicated by gelatin zymography and
measurement of MMP9 in supernatants of TNFa-primed neutrophils that were infected

with S. aureus in vitro (Figure 23C and 23D). Taken together, the enhanced
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phosphorylation of ERK1/2 observed in the lysates of IL-20 treated neutrophils and
restoration of phagocytosis and tertiary granule release in PD 98059-treated neutrophils

indicates that the inhibitory effects of IL-20 are dependent on ERK1/2 activation.

Discussion

During infection with S. aureus at epithelial sites, neutrophils are primed and their
properties and responses are altered as they migrate from circulation and arrive at the
site of infection. Over the course of this process, neutrophils are responding to pro-
inflammatory signaling in a manner that enhances their capacity to respond to their
environment, with expanded receptor expression, and kill microbial threats, with
increased ROS production and degranulation (Amulic et al., 2012; ElI-Benna et al.,
2008). In the previous chapter, it was shown that treating neutrophils with TNFa. in vitro,
which mimics the priming process that neutrophils undergo in vivo, alters IL-20 receptor
expression. This results in downregulation of IL-22RA, expressed by resting neutrophils
in circulation, and upregulation of IL-20RB. The data shown in the present chapter
showed that neutrophils with enhanced IL-20RB expression, via priming with TNFa and
in vitro infection with S. aureus, became responsive to IL-20 in a manner that inhibited
the actin-mediated functions of phagocytosis and tertiary granule exocytosis.

Neutrophils that have been primed with TNFa have significantly increased killing
of S. aureus in vitro (Ferrante et al., 1993); however, bactericidal activity was inhibited
when these cells were treated with IL-20, resulting in significantly higher CFUs
recovered at 2 and 4 hours when IL-20 was present. In this assay, neutrophils required

changes in actin polymerization to destroy staphylococci, as treatment with cytochalasin
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D abrogated killing activity. Evaluation of multiple killing mechanisms revealed that ROS
production and release of neutrophil elastase and dsDNA, major components of NETSs,
were unaffected by IL-20. However, phagocytosis, a necessary function for bactericidal
activity that relies on specific changes to the actin cytoskeleton (Castellano et al., 2001;
Lee et al., 2003), did appear to be affected by IL-20. When TNFa-primed neutrophils
were treated with IL-20, there was a lower percentage of staphylococci recovered from
neutrophils that were treated with gentamicin before lysis, indicating an IL-20 mediated
inhibition of this process.

Mechanisms of granule exocytosis vary in their dependence on different
cytoskeletal components; and, compared to primary and secondary granules, tertiary
granule exocytosis is linked most closely with actin dynamics (Jog et al., 2007). IL-20
inhibited only tertiary granule exocytosis, based on reduced gelatinase activity and
MMP9 concentration in neutrophil supernatants, and not primary or secondary
exocytosis. This specificity of affected granule population provides further evidence that
IL-20 modulates the actin cytoskeleton in a manner that affects specific neutrophil
functions that rely heavily on rapid and specific changes to this cellular component.

In the previous chapter, phalloidin staining with qualitative and quantitative
analysis of confocal microscopy images showed that IL-20 causes changes to
morphology and significantly increased actin polymerization in TNFa-primed
neutrophils. Phagocytic uptake of target particles requires actin polymerization, followed
quickly by depolymerization, while tertiary granule exocytosis is thought to require

dissolving of the cortical actin ring at the periphery of the neutrophil (Muallem et al.,
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1995; Saiepour et al., 2006). The finding that IL-20 modulates actin polymerization in
neutrophils is commensurate with downstream effects on these processes.

Overall, the observed inhibitory effects of IL-20 on the neutrophil responses to
infection are consistent with the anti-inflammatory properties of this cytokine on
epithelial cells during cutaneous staphylococcal infection (Myles et al., 2013). Further
verification in appropriate infectious and inflammatory models will be needed to confirm
the inhibitory nature of IL-20 activity on neutrophil function during infection in vivo. This
may be complicated because of differences between mouse and human neutrophils
(Eisenhauer and Lehrer, 1992; Haley, 2003; Yaffe et al., 1999), and the preferential
expression of IL-20 by human cells compared to the tendency of murine cells to secrete
IL-19 and IL-24 instead (Myles et al., 2013). The identification of IL-20 as a regulator of
neutrophil function during infection with S. aureus in vitro adds to the repertoire of host
signaling factors that can affect the outcome of these frequent, incompletely understood

and potentially deadly infections.
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CHAPTER IV

CONCLUSION

The immune response to a pathogen consists of a multitude of factors from both
host and the invasive agent. Infections with S. aureus comprise an especially complex
interplay of these factors, as this pathogen has a particularly large arsenal of virulence
factors and immune evasion mechanisms that can affect the host response (Foster,
2005). Additionally, S. aureus can infect multiple sites of the body, and different sites
vary in their response, such that a protective response to skin and soft tissue infection
differs from that of bacteremia (Cohen, 2002; McNicholas et al., 2014; Miller and Cho,
2011). Though the sum of factors contributed by both host and pathogen create a
complex biological puzzle, it is essential to understand how each piece contributes to
the ultimate outcome: resolution of infection or morbidity and mortality. As tools for
treatment wane with the rise of antibiotic resistance and there remains no preventative
vaccine, understanding the pieces of this puzzle to develop effective treatment and
prevention options becomes an increasingly urgent task.

An essential component of understanding the immune response is the signaling,
in the form of cytokines and chemokines, generated by the host in response to S.
aureus. Upon detection of a pathogen, signaling is engaged by the cells at the infected
site to initiate an inflammatory response, which recruits the appropriate leukocytes and
activates them according to the microbial threat present. Cytokines are central to

organizing the immune response as they dictate which immune cells respond and how
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these cells behave once they are active in that response (Iwasaki and Medzhitov, 2004,
2010). A few key cytokines have been identified as pieces of a protective immune
response to skin and soft tissue infection with S. aureus, namely IL-1$ and IL-17, for
their pro-inflammatory role in neutrophil recruitment (Cho et al., 2012; Cho et al., 2010).
IL-20 was then shown to have an anti-inflammatory effect, inhibiting the production of
these cytokines during such infections, and contributing to pathogenesis of infection by
reducing neutrophil recruitment (Myles et al., 2013). The study of these factors focused
on their role in mobilizing this leukocyte population to the site of infection, but less is
known about how host signaling affects the function of neutrophils. There is some
appreciation of the enhancing effects of pro-inflammatory cytokines on neutrophil
functions at the site of infection, but relatively little is known about how anti-inflammatory
signaling affects the functions of these immune cells. Neutrophils are the best equipped
immune cells to kill S. aureus and are well appreciated as an essential part of a
protective immune response. The addition of IL-20 as a host factor that affects their

function adds a valuable piece to the puzzle of the immune response to S. aureus.

Establishing an in vitro Model: Obtaining Meaningful in vitro Pieces of an in vivo
Puzzle

When one examines an immune response to epithelial infection with S. aureus,
two major features of pathogen control and elimination can be observed: those that
directly serve to eliminate the pathogen through bactericidal activity, and those that
indirectly serve this purpose by signaling to or otherwise modifying the function of host

cells. These direct and indirect features are interdependent, and the latter comprises a
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multitude of signaling molecules, both bacterial and host derived. The major advantage
of in vivo experiments is that they allow examination of a response to infection that
includes all of these components. However, these components differ considerably
between humans and, the most frequently used model organism for infection with S.
aureus, mice (Mestas and Hughes, 2004; Seok et al., 2013).

A model for human infection should closely mimic the responses and functions of
human cells. S. aureus is a complex human pathogen that expresses multiple factors
that respond to the immune system of humans, some of which are considerably less
toxic or ineffective in mice (Salgado-Pabon and Schlievert, 2014; White et al., 2014).
Though mice are frequently used to model S. aureus infection in humans, there are key
differences in their immune systems that must be considered when studying the
immune response to this pathogen, particularly the differences between human and
murine phagocytes. As stated previously, the neutrophil is central to controlling and
resolving S. aureus infections, particularly those of the skin and lung. In humans,
neutrophils are the most abundant leukocyte, comprising 50-70% of circulating white
blood cells, while lymphocytes are 20-40% of the population. Whereas the circulating
leukocytes in mice are only 15-20% neutrophils and 50-70% lymphocytes (Mestas and
Hughes, 2004; Mizgerd and Skerrett, 2008). This is a fundamental difference in the
composition of the immune systems between humans and mice.

There are also key functional differences, as mouse neutrophils lack a-defensins,
antimicrobial peptides that make up 30-50% of proteins in human neutrophils
(Eisenhauer and Lehrer, 1992). Humans that lack a-defensins, a rare disorder called

specific granule deficiency (SGD), suffer from recurrent infections of the skin, lung and
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other sites, with multiple bacterial pathogens including S. aureus (Glentherj et al., 2014;
Sakura et al., 1993; Wada et al., 2005). However, though they lack a-defensins that are
critical to human immune defense, mice are relatively resistant to infection with S.
aureus (Salgado-Pabon and Schlievert, 2014). There are other major differences in
granule contents, including significantly lower levels of other antimicrobial proteins such
as lysozyme and alkaline phosphatase in murine neutrophils (Rausch and Moore,
1975). Additionally, the neutrophils of mice contain 10-20% less myeloperoxidase, an
enzyme that contributes to killing of microbes by human neutrophils (Noguchi et al.,
2000; Rausch and Moore, 1975). Thus, for studies that seek to investigate and better
understand human neutrophil function, the mouse is not an ideal model.

Given their importance in the host response to infection with S. aureus, the
functions of human neutrophils during infections with S. aureus merit investigation. This
requires the development of a suitable in vitro system that provides neutrophils with an
environment that resembles an in vivo site of infection. The in vitro models used in the
studies presented here were designed to provide such an environment via using a
sufficient quantity of neutrophils (Li et al., 2002, 2004 ), a MOl that reflects in vivo
infections in human tissue (Leyden et al., 1974; Travers et al., 2010), exposure to host
factors at physiologically relevant concentrations, and the use of adherent cells (rather
than stirred suspension) for a tissue-like environment. Although mouse models have
contributed much to our knowledge of staphylococcal pathogenesis and immune
responses (Kim et al., 2014), there is also value in robust in vitro modeling with human
cells to expand our knowledge of functions and responses that are unique to our

species.
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IL-20 effects on epithelial cell responses during S. aureus infection

Since its discovery in 2001, IL-20 has been almost exclusively studied for its role
in disorders that are mediated by sterile inflammation: psoriasis and rheumatoid arthritis
(Hsu and Chang, 2015; Leng et al., 2011; Stenderup et al., 2007). In these inflammatory
disorders, IL-20 is upregulated and has therefore been considered a pro-inflammatory
cytokine (Ouyang et al., 2011). Response to a cytokine requires receptor expression,
and heterodimeric IL-20 receptors, consisting of IL-20RB dimerized with either IL-20RA
or IL-22RA, are mostly expressed in skin and lung tissue (Dumoutier et al., 2001,
Parrish-Novak et al., 2002). In spite of high expression of these receptors in the skin
and lungs and known expression of these cytokines during inflammatory responses,
there has been limited exploration of the role of IL-20, and the other members of its
subfamily, IL-19 and IL-24, in the response to infection. One common finding for each of
these IL-20 subfamily members is activation of antimicrobial peptide (AMP) production,
indicating that this group of cytokines comprises a component of the innate immune
response in the skin and lungs (Sa et al., 2007).

In one of the few studies carried out to examine the role of IL-20 receptor
signaling in epithelial cells during infection, it was shown to modulate the immune
response to cutaneous infection with S. aureus in an anti-inflammatory manner,
inhibiting production of IL-1p, an effect observed in both mice and primary human
keratinocytes (Myles et al., 2013). IL-19 and IL-24 were expressed in the murine model
of cutaneous infection, while human keratinocytes expressed mostly IL-20 (Myles et al.,

2013). In the present work, primary human epithelial cell line BEAS2b was found to
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express IL-20 receptor chains for the Type Il receptor, comprised of IL-22RA and IL-
20RB. Examination of BEAS2b that were infected with S. aureus cells showed that IL-
20, and to a lesser extent, IL-19, are produced in response to staphylococci.
Conversely, IL-20 was not expressed in the lungs of mice that were intranasally
inoculated with S. aureus in a model of pneumonia, rather transcripts for IL-19 and IL-24
were detected (Figure 5). The significance of this preferential expression of IL-20 by
human cells and of IL-19 and IL-24 by murine tissue that was observed in both studies
of responses to S. aureus is not known. Though IL-19, IL-20 and IL-24 are all studied in
the context of inflammation, they appear to have unique functions (Ouyang et al., 2011;
Rutz et al., 2014). The initial study of IL-20 receptor signaling in mice did not
differentiate between the different cytokines, as the mice used were IL-20RB knock-outs
and that receptor chain is required for signaling by all three. Administration of
recombinant murine IL-19 or IL-20 to mice had similar effects in the cutaneous model
(recombinant IL-24 was unavailable). However, human keratinocytes responded only to
IL-20 and not IL-19 during in vitro challenge with S. aureus (Myles et al., 2013). Taken
together with the higher expression and production levels of IL-20 from human
keratinocytes and bronchial epithelial cells during infection, this indicates that IL-20
dominates the IL-20 receptor-based innate immune response to S. aureus.

In epithelial cells, IL-20 receptor signaling acts via STAT3 activation (Dumoutier
et al., 2001), which was detected in BEAS2b cells that were treated with IL-20. This
response was inhibited with antibody blockade of IL-20RB, further verifying that STAT3
was activated by ligation of IL-20 to its receptor. With receptor activation established,

the effects of IL-20 on the responses of BEAS2b cells to S. aureus were evaluated by
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examining both signaling and AMP production. Blockade of IL-20RB inhibited
production of IL-8, a direct chemotactic factor for neutrophils. Additionally, production of
the AMP Regllly was activated in response to S. aureus and was mediated by IL-20, as
addition of recombinant IL-20 significantly increased Regllly concentration, while
blockade of IL-20RB inhibited its production. While IL-20 subfamily cytokines are known
to control AMP production, the effects of IL-20 on Regllly, an AMP with known anti-
staphylococcal activity (Sa et al., 2007), has not been previously reported. The
enhancement of AMP production, along with inhibiting IL-8 production in lung epithelial
cells, indicates that IL-20 receptor signaling has an anti-inflammatory role in the lungs
during infection with S. aureus, similar to observations made in the murine model of
cutaneous infection and human keratinocytes. Although protective effects mediated by
AMP production and inhibition of IL-8 could not be observed in the in vitro modeling
used here, the possibility of this purpose for IL-20 during infection should not be ruled
out. Its inhibition of neutrophil migration, which was detrimental in the cutaneous model,
and upregulation of a protein that can directly kill S. aureus may be critical for protecting
the comparatively more fragile tissue of the lung, where damage from exuberant

inflammatory responses can have fatal consequences.

IL-20 receptor expression and signaling in human neutrophils

While expression of heterodimeric IL-20 receptors is readily detectable in skin
and lung tissue (Blumberg et al., 2001; Parrish-Novak et al., 2002), their expression in
leukocytes has been elusive (Kunz et al., 2006; Wolk et al., 2002). In the first decade

after the discovery and characterization of IL-20 receptors, there were two reports of

57



investigations that sought to characterize whether immune cells could be targets of the
cytokines that signal through these receptors, namely IL-19, IL-20 and IL-24. In the first,
Wolk et al. examined expression in resting human monocytes, NK cells, B cells and T
cells by RT-PCR and found transcripts for IL-20RB, but not IL-20RA or IL-22RA; this
study did not include granulocytes (Wolk et al., 2002). Later, a study by Kunz et al.
evaluated IL-20 receptors in the same human leukocyte populations, again excluding
granulocytes, but the cells were stimulated with various known activating agents; again,
only IL-20RB expression was detected by RT-PCR (Kunz et al., 2006). The latter study
also sought to detect IL-20 receptors on peripheral blood monocytes (PBMCs) by
immunohistochemistry, and again found only IL-20RB expression. Additionally, the
PBMCs did not respond to stimulation by IL-20 receptor cytokines IL-19, IL-20 or IL-24
with the expected STAT3 phosphorylation (Kunz et al., 2006). From these studies,
which found no heterodimeric receptor expression or associated downstream signaling,
it was concluded that immune cells are not targets of signaling by IL-20 or its related
cytokines. However, the expression of these receptors on granulocytes was not
evaluated and the significance of the expression of IL-20RB was not explored.

Studies on rheumatoid arthritis synovial fibroblasts (RASF) and membranes from
human subjects, an assessment of tissue and cells that can include activated
neutrophils engaged in an inflammatory response, revealed expression of IL-20
receptors as well as IL-20 itself (Hsu et al., 2006; Kragstrup et al., 2008). Although the
specific cell population from which signaling originated was not identified, cells from
these sources were shown to respond to IL-20 with ERK1/2 phosphorylation (Hsu et al.,

20006). It appeared from these studies of rheumatoid arthritis that neutrophils may
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express an IL-20 receptor during an inflammatory response that activates ERK1/2,
instead of STATS3, in response to binding IL-20.

In the work presented here, IL-20 receptor expression on neutrophils was
assessed, revealing expression patterns that were particular to the activation state of
the neutrophil. Circulating, or resting, a highly variable percentage of neutrophils
expressed IL-22RA, as little as 0.24% up to 95% with an average of 32% (Figure 9A).
The other IL-20 receptor chains, IL-20RA and the common chain of the two types of
heterodimeric receptor, IL-20RB, were rarely detected on resting neutrophils, an
average of 3% and 0.7%, respectively (Figure 9A). Neutrophils are known to alter their
cytokine and chemokine receptor expression as they migrate from circulation and go
from their resting state to fully activated during a response to injury or infection
(Borregaard et al., 2007; Nathan, 2006). Additionally, data from the aforementioned
studies indicated that neutrophils may express a receptor for and respond to IL-20.

Compared to resting neutrophils isolated from peripheral blood of healthy
volunteers, neutrophils that were activated by in vivo migration into blister chambers
containing saline or different strains of y-irradiated S. aureus, had reduced IL-22RA
expression and a higher percentage of cells that expressed IL-20RB. The extravasated
neutrophils appeared to express either one chain or the other, co-expression of IL-22RA
and IL-20RB on the same cell was rarely detected. This receptor expression pattern
could be mimicked with appropriate activating stimuli in vitro, namely, migration to
infected BEAS2b cells or S. aureus alone in the presence or absence of IL-8, or
adherent neutrophils that were primed with TNFa and infected with S. aureus (Figure

10).
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In functional in vitro studies with neutrophils, these conditions that enhanced IL-
20RB expression rendered neutrophils responsive to IL-20, such that activation of
ERK1/2 was detected and required for IL-20-mediated effects on multiple functions
relevant to infection. The requirement for IL-20RB was further supported by the low
levels of expression of this receptor by unprimed neutrophils, and their relative lack of
response to IL-20. However, the receptor expression profile induced by these stimuli,
where neutrophils expressed IL-20RB instead of IL-22RA, does not appear to be that of
the canonical heterodimer described from studies of IL-20 receptors on epithelial cells.
Rather, it adds to the evidence from the previous studies of IL-20 receptors on different
populations of leukocytes that found only IL-20RB expression (Kunz et al., 2006; Wolk
et al., 2002). It is possible that leukocyte populations express a different type of IL-20
receptor, and ERK1/2 activation observed in the present study and in RASFs (Hsu et
al., 2006), instead of the STAT3 activation observed in epithelial cells, provides further
evidence of an alternate receptor that likely relies on IL-20RB expression. While the
work presented here establishes that neutrophils that respond to IL-20 also express IL-
20RB, additional experiments would be required to directly establish that IL-20RB,
either alone or in concert with some other receptor chain, is necessary for cellular

responses to IL-20.

Neutrophil migration is inhibited by IL-20
Multiple neutrophil functions require dynamic changes to the actin cytoskeleton,
and cytokines and chemokines affect actin polymerization and distribution in defined

ways that can be linked to downstream functional changes (Kutsuna et al., 2004; Lokuta
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and Huttenlocher, 2005). TNFa is known to enhance neutrophil adhesion, granule
exocytosis and arrest migration in vitro. When F-actin is visualized by fluorescence
microscopy of phalloidin-stained neutrophils TNFa-primed neutrophils have a spread
morphology with focal adhesions, and their cortical ring of polymerized actin is dissolved
(Lokuta and Huttenlocher, 2005; Nathan, 2006). Similar examination of F-actin in
neutrophils incubated with IL-8, the potent chemotactic factor, reveals a polarized
morphology as the cells form a defined leading edge of F-actin to facilitate their
migration (Lokuta and Huttenlocher, 2005; Weiner et al., 1999). Observation of
neutrophil morphology and quantification of actin polymerization in the present study
showed that treatment of infected neutrophils with IL-20, in conditions that enhanced IL-
20RB expression, induced a slightly elongated morphology and significant changes to
the amount of F-actin (Figure 11). As with TNFa and IL-8-mediated changes to the actin
cytoskeleton, this effect of IL-20 indicated that this cytokine could affect multiple
neutrophil functions.

Neutrophil migration requires specific coordinated cytoskeletal changes to
facilitate forward motion and the integration of multiple signals to accurately guide the
cell to its target site (Insall and Machesky, 2009; Weiner et al., 1999). ERK1/2 and p38
MAPK are known to act downstream of chemotactic factors and cytokines that activate
them to affect migration in defined ways (Cara et al., 2001; Huang et al., 2004). A study
by Liu et al., showed that ERK1/2 acted as a ‘stop’ signal for neutrophils in chemotaxis
along a fMLF gradient, as it arrested migration, while p38 MAPK activity stimulated

migration (Liu et al., 2012). The arrest of migration is an important aspect of neutrophil

61



recruitment, as it facilitates the switch from forward motion to engagement of
bactericidal mechanisms.

The observed inhibitory effects of IL-20 on migration in time-lapse microscopy
videos, transwell migration assays with IL-8 and S. aureus and its activation of ERK1/2
in neutrophils indicate that it directly inhibits migration by activating the pathways that
act as a ‘stop’ signal for neutrophils (Figures 13-15). IL-20 also has demonstrated
indirect effects on neutrophil migration, as it inhibited |IL-8 production from infected
BEAS2b cells, and IL-1f production by human keratinocytes and in the cutaneous
model of infection in mice (Figure 5) (Myles et al., 2013). Taken together, these provide
evidence that IL-20 functions to inhibit the recruitment of neutrophils from circulation by
affecting the production of other host signals. It is possible that IL-20 serves both
functions, directly arresting the migration of neutrophils that have reached the target site
where it is being produced, and inhibiting recruitment by reduction of pro-inflammatory
IL-1p or IL-8. IL-20 was previously shown to activate ERK1/2 in other cell types, namely,
endothelial cells and RASFs (Hsu et al., 2006; Tritsaris et al., 2007); additionally, it has
also been shown to inhibit the migration of dendritic cells in vitro (Bech et al., 2016).
Additional studies would be required to define whether IL-20 directly modulates

migration in vivo.

IL-20 regulates multiple neutrophil effector functions
Once neutrophils have arrested migration after being recruited to a site of S.
aureus infection, they engage their bactericidal functions. A neutrophil’s greatest

capacity to destroy staphylococci lies in its ability to rapidly phagocytose the invading
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organism and subject it to high amounts of ROS and other antimicrobial factors within
the phagosome (Nauseef and Borregaard, 2014; Segal, 2005). In other words, though
they can release NETs and other antimicrobial factors to the extracellular space,
neutrophils rely largely on phagocytic uptake and intracellular killing mechanisms to
destroy bacterial pathogens (Ferrante et al., 1993; Jann et al., 2011; Lee et al., 2003;
Nordenfelt and Tapper, 2011). This appeared to be true in the in vitro killing assay used
in the present study, as actin polymerization was required for the killing activity of TNFa-
primed neutrophils (Figure 22). Significantly increased CFUs recovered from TNFa-
primed neutrophils treated with IL-20 were linked to IL-20-mediated inhibition of uptake
of S. aureus, as a lower percentage of bacteria were recovered from gentamicin
protection assays (Figures 18 and 22). Other known killing mechanisms of neutrophils,
including primary and secondary granule exocytosis, ROS production and NET release
appeared to be unaffected by IL-20. However, phagocytosis relies on precisely
controlled dynamic changes to the actin cytoskeleton, and the demonstrated IL-20-
mediated changes to this fundamental aspect of neutrophil biology provides additional
evidence that it affects this process. Of particular consideration is the significant
increase in polymerized actin detected around the periphery of TNFa-primed
neutrophils in the presence of IL-20, as phagocytosis requires depolymerization of actin
in the final stage of particle uptake (Lee et al., 2003; Nordenfelt and Tapper, 2011).
Exocytosis of tertiary granules, rather than primary or secondary, also requires
rearrangement of the actin cytoskeleton to dissolve the cortical ring of polymerized actin
(Jog et al., 2007; Lacy and Eitzen, 2008; Mitchell et al., 2008). Indeed, IL-20 was found

to inhibit only exocytosis of tertiary granules, as markers of primary and secondary
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degranulation were unaltered in IL-20 treated neutrophils. This specificity, altering
tertiary granule release alone, is likely due to the aforementioned affects of IL-20 on F-
actin content and distribution in neutrophils. The significant reduction in gelatinase
activity and MMP9 concentration (Figure 21), markers of tertiary granule exocytosis, in
IL-20-treated neutrophils has potential downstream functional consequences in line with
other observations of the effects of |L-20.

MMP9 has been directly linked to neutrophil migration through its collagenase
activity, which is thought to play a role in allowing extravasating neutrophils to move
through the extracellular matrix to reach the site of infection (Delclaux et al., 1996).
Additionally, pro-IL-1p and IL-8 are targets of MMP9 proteolysis. Cleavage by MMP9
activates pro-IL-1p to its active form, and truncates IL-8 in a manner that increases its
chemotactic and activating effects on neutrophils (Koymans et al., 2016; Van den Steen
et al., 2000). The importance of this function during S. aureus infection has been
demonstrated in studies of staphylococcal superantigen-like proteins 1 and 5 (SSL1 and
SSLS), which bind to MMP9 to inhibit its function, thereby reducing cleavage of IL-8 and
downstream neutrophil recruitment and activation (Itoh et al., 2010; Koymans et al.,
2016). Other studies have directly linked MMP9 to neutrophil killing activity, as it
enhanced killing of S. aureus by transendothelial neutrophils in vitro (Liu et al., 2016);
and, neutrophils from MMP9 deficient mice were significantly inhibited in phagocytic
uptake and killing of Streptococcus pneumoniae in vitro (Hong et al., 2011). Thus,
MMP9 is a neutrophil protein with multiple functions during infection, which have both

protective and deleterious consequences.
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Its ability to activate pro-IL-18 and IL-8 indicates a pro-inflammatory role for
MMP9, as this activity increases neutrophil recruitment and activity. In conjunction with
its cleavage of extracellular matrix components, MMP9 has potential to aid host defense
but also damage host tissue through its activities. lts damaging effects in the lungs have
been documented in conditions like emphysema and chronic obstructive pulmonary
disease (COPD), where it's significantly elevated due to increased neutrophil infiltration
(Betsuyaku et al., 1999; Paone et al., 2011). Modulation of MMP9 release by IL-20
during infection with S. aureus is a major pathway through which the responses of
neutrophils can be controlled, potentially providing a way to reduce neutrophil
recruitment to limit damage to host tissue while having the detrimental effect of inhibiting

neutrophil bactericidal functions.

Host signaling and the outcome of infection

This work has demonstrated how IL-20, a cytokine that is produced during skin
and lung infection with S. aureus, directly affects the functions of neutrophils, the cells
that are at the front line of host defense at these sites. When considering its significant
inhibition of key pro-inflammatory signaling in multiple infection models, both in vivo and
in vitro, and its dampening of key neutrophil functions, the evidence indicates that IL-20
acts as an anti-inflammatory mediator during infection. Infection induces an
inflammatory response to protect the host, but there must be control of its damaging
effects and an eventual return to homeostasis. Just as signaling is required to initiate
inflammation, so is it required to resolve inflammation. To date, the most potent and

well-known mediator of the anti-inflammatory response is IL-10, to which IL-20 is closely
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related in both a shared chromosomal locus, sequence homology and secondary
structure (Kotenko and Pestka, 2000; Logsdon et al., 2012; Ouyang et al., 2011).
Although there are limited studies on the effects of IL-10 on neutrophils directly, the
available evidence is similar to those observed with IL-20. Beyond its known anti-
inflammatory effects on neutrophil cytokine production (Bazzoni et al., 2010), IL-10 has
also been shown to inhibit phagocytosis of multiple pathogens, including S. aureus, by
neutrophils (Roilides et al., 2000). Since its discovery, IL-20 has been studied almost
exclusively in the context of its overexpression in rheumatoid arthritis and psoriasis,
which established it as a pro-inflammatory mediator. However, its more recently
established anti-inflammatory functions during infection align with its high level of
homology with IL-10.

When combined with the previous study of IL-20 receptor signaling during
infection with S. aureus, IL-20 can be incorporated into a model for the innate immune
response to staphylococci. Once S. aureus is detected by epithelial cells and resident
leukocytes, pro-inflammatory factors, including TNFa, IL-18 and IL-17, are produced to
induce expression of chemokines to attract neutrophils. In the process of migrating from
circulation into the infected tissue, neutrophils become primed so that their antimicrobial
responses are enhanced and their cytokine receptor repertoire is expanded. This
altered cytokine receptor expression includes upregulated expression of IL-20RB, likely
allowing the neutrophils to respond to IL-20, which is also produced at the site of
infection. IL-20 can signal to epithelial cells through Type | and/or Type Il heterodimeric
IL-20 receptors in epithelial cells to enhance production of antimicrobial peptides, to

directly control growth of staphylococci, and inhibit production of pro-inflammatory
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factors, to reduce neutrophil recruitment. For neutrophils that reach the site of infection,
IL-20 can affect the dynamics of actin polymerization to dampen key effector functions,
reducing the release of tertiary granule protein MMP9, arresting migration and inhibiting
phagocytosis.

The balance between controlling infection and preserving host tissue is delicate,
as the anti-inflammatory responses necessary for returning to homeostasis can
contribute to the pathogenesis of infection by interfering with bactericidal mechanisms.
In the attempt to preserve host tissue, IL-20 receptor signaling has demonstrated
detrimental consequences in the cutaneous mouse model of infection with S. aureus
(Kaplan, 2013; Myles et al., 2013). However, it is possible that IL-20 may succeed in
providing protection to host tissue during lung infection with S. aureus. Bronchial
epithelial cells produce this cytokine, and the lung is more vulnerable than the skin to
the damaging effects of neutrophil proteases (Parker and Prince, 2012). The novel
findings on the effects of IL-20 on neutrophils presented here add to the body of
knowledge of the immune response to S. aureus and open up potential new avenues of
investigation to better understand how cytokines affect the ultimate outcome of

infection.
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CHAPTER V

EXPERIMENTAL METHODS

Ethics statement

All human sample collection and processing were performed with approval of the
National Institute of Allergy and Infectious Disease IRB, which approved the associated
clinical trial (NCT02262819). All subjects gave full consent to sample collection, and all
participants provided their written consent to the research protocol. All animal
experiments were conducted in compliance with guidelines approved by the NIAID

institutional animal care and use committee.

Cell culture, analysis and infection of BEAS2b cells

Culture of BEAS2b cells. Human bronchoepithelial cell line BEAS2b was obtained from
the American Type Culture Collection (ATCC CRL-9609). BEAS2b cells were
maintained at no greater than 75% confluence in collagen coated flasks with complete
bronchial epithelial growth medium (BEGM, Lonza) at 37°C and 5% CO». For in vitro
infection procedures, cells were seeded at low density in collagen coated 24 well plates
and allowed to grow to 75% confluence before use.

Immunofluorescence microscopy of BEAS2b cells. Immunofluorescence microscopy
was performed on BEAS2b cells that were cultured as described above on collagen
coated glass coverslips. Cells were blocked with 10% goat serum and 5% BSA in PBS

for at least one hour. IL-20 receptors were labeled using rabbit-derived alL-20RA or

alL-22RB (Abcam), for Type | or Type |l receptor, respectively, with rat-derived alL-
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20RB (eBioscience). Primary antibodies were incubated in blocking buffer at room
temperature for one hour, followed by washing with PBS containing 0.1% Tween
(Sigma). Immunoglobulin class matched isotype controls from same species and
manufacturer were used for labeling controls. Secondary antibodies were anti-rabbit
Alexa fluor 594 (red) or anti-rat Alexa fluor 488 (green), incubated in the same manner
as primary antibodies. Cells were counterstained with 4’-6-Diamidino-2-Phenylindole,
Dihydrochloride (DAPI) and mounted with ProLong Gold (ThermoFisher) according to
manufacturer instructions.

Western blot for STAT3 signaling. For detection of STAT3 signaling by western blot,
cells were grown in 24 well plates as described above and BEGM was replaced with
either fresh BEGM alone or with indicated amounts of recombinant human IL-20 (rhlIL-
20) (R & D Systems). For select conditions, IL-20RB was blocked by addition of 1 ug of
alL-20RB or isotype control with fresh BEGM and allowed to incubate for 1 hour prior to
addition of rhlL-20. Cells were lysed with RIPA buffer, 1 hour after the addition of rhiL-
20, supplemented with protease and phosphatase inhibitor cocktails (Roche). Samples
were stored at -80°C until use in western blot procedure. For SDS-PAGE, lysates were
diluted in 6X sample buffer (0.5 M Tris, 10% SDS, 30% glycerol, 0.6M DTT, 0.012%
bromophenol blue) and boiled for 10 minutes. After electrophoresis, proteins were
transferred onto nitrocellulose membranes and blocked for one hour (Odyssey blocking
buffer, Licor). Membranes were probed with primary antibodies for rabbit-derived
aPhospho-STAT3-Tyr705 or mouse-derived total STAT3 (Cell Signaling Technology),
followed by washing and secondary antibodies anti-rabbit IRDye 680LT and anti-mouse

IRDye 800CW (Licor). Blot images were acquired using a Licor scanner.
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In vitro infection of BEAS2b cells. For measurement of their responses to S. aureus, or
for assays where neutrophils migrated to BEAS2b cells or their supernatants, the
epithelial cells were grown in 24 well plates as described above and BEGM was
removed the night before the experiment and replaced with minimal media (BEBM,
Lonza). The following day, BEBM was replaced with fresh BEBM alone or BEBM with S.
aureus USA300 (MOI 1). In select procedures, IL-20RB was blocked as described
previously for 1 hour before addition of S. aureus. Lysates for RNA isolation were
obtained using RLT lysis buffer according to manufacturer’s instructions (Qiagen) at 2
hours post-infection (p.i.). Supernatants were collected from wells and centrifuged at
8000 rpm for 5 minutes to obtain cell-free preparations at 6 hours p.i.

Measurement of BEAS2b cell responses to S. aureus. To measure gene expression,
RNA was isolated from lysates collected as described above using RNeasy kit (Qiagen)
according to manufacturer’s instructions. RT-PCR was performed using Tagman gene
expression assay primer-probe pairs for indicated targets in an Applied Biosystems
7500 Fast RT-PCR thermal cycler (ThermoFisher). Concentration of indicated cytokines
was determined using BioPlex assay (Bio-Rad). Briefly, beads conjugated with
antibodies for each target were mixed and added to 96 well plates, followed by addition
of standards and samples to wells. After incubating and washing beads according to
manufacturer’s instructions, biotin-conjugated detection antibodies for each target were
added and incubated and washed as before. Streptavidin-PE was then added and
beads were washed following incubation. Signal from beads was acquired using a

Luminex, and protein quantity was determined based on signal from standards.
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Regllly concentration was determined using ELISA with capture and HRP-conjugated
detection antibody pairs (R & D Systems). After coating plate with capture antibody
diluted in PBS overnight, plates were washed (0.05% Tween in PBS) and blocked (5%
BSA in PBS) prior to addition of supernatant samples and protein standard. After 2
hours incubation, plates were washed four times and detection antibody was added and
incubated for 1 hour at room temperature. Colorimetric substrate TMB (eBioscience)
was added and 2N sulfuric acid was used to stop the reaction, and the plate was read at
Aso5 (Beckman Coulter).

LDH assay was performed according to manufacturer’s instructions (Promega), with
colorimetric substrate added to cell supernatants in equal volume and incubated for 30
minutes. Total lysis sample was obtained by lysing all cells in select wells using
provided lysis buffer. Equal volume of acetic acid was added to stop the reaction and
the plate was read at Asgs. Percent lysis was calculated by comparing the absorbance
value for each sample to the value for the total lysis sample.

Staphyococcal growth in cell culture was measured by collection of cell supernatants at
indicated times, serial dilution in sterile PBS and plating on BHi agar (Fisher Scientific).
CFUs were enumerated on the following day after overnight incubation of agar plates at

37°C.

Intranasal infection of mice
To measure cytokine signaling in mouse lungs during infection with S. aureus, 10-12
week old C57BI/6 mice were intranasally inoculated as follows. S. aureus USA300 was

grown from refreshed overnight culture to ODgoo of 1.0, washed two times with an equal
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volume of sterile PBS and suspended to a final concentration of 1.4 x 10° CFU/mL. For
inoculation, mice were anaesthetized with Isofluorane and 50 uL of sterile PBS or S.
aureus suspension (7 x 10" CFU/mouse) was slowly administered into the nose. Mice
were held upright for approximately 5 seconds and returned to their cage. After 6 or 48
hours, lungs were collected and placed in RNALater (Qiagen) and stored according to
manufacturer’s instructions. After homogenizing tissue in a TissueLyser | using sterile
stainless steel beads (Qiagen), RNA was isolated using an RNeasy kit according to

manufacturer’s instructions, and subjected to RT-PCR as described previously.

Neutrophil Isolation and IL-20 receptor expression

Isolation from peripheral blood. Neutrophils were isolated from fresh heparinized venous
blood obtained from healthy volunteers. All steps were performed at room temperature.
Dextran was added to blood at a final concentration of 3% and erythrocytes were
allowed to settle for 30 minutes. The leukocyte-rich supernatant was overlaid on Ficoll
PLUS (GE Healthcare) and spun at 400xg for 40 minutes. Remaining erythrocytes were
removed with hypotonic lysis, and neutrophils were counted using a hemacytometer
and suspended in neutrophil media (RPMI+1% human serum albumin and 20 mM
HEPES) at a final concentration of 1x10” cells/mL. Purity of the final cell suspension
was assessed by flow cytometry and =97% were CD66b+ CD45+ neutrophils and
contained <0.1% CD14+ cells (monocytes). Cells were >99% viable by Trypan blue
exclusion and were used immediately following isolation. For relevant experiments,
neutrophils were treated with vehicle (DMSO diluted 1:2000) or inhibitors: SB 202190

(10 wM) or PD 98059 (30 uM) at 37°C for 30 minutes.
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Exudate neutrophils. Neutrophils that extravasated from circulation were obtained from
healthy volunteers after induction of suction blisters as previously described (25).
Briefly, blisters were induced on the forearm by suction and the epidermal roofs of the
resulting blisters were removed. Chambers were placed around the dermal blister bases
and filled with saline alone, or saline containing y-irradiated strains of S. aureus from a
healthy volunteer (SA1) or a patient with atopic dermatitis (SAZ2). Fluid from the
chamber was removed after 24 hours, and cells were pelleted and resuspended in
HBSS.

Flow cytometry for IL-20 receptor expression. All steps were performed with cold
reagents and cells were kept on ice at all times. This procedure was performed on
peripheral blood neutrophils, exudate neutrophils, neutrophils that migrated in vitro or
TNFa-primed neutrophils. For neutrophils that migrated in vitro, labeling for IL-20
receptor chains was performed on cells that passed through transwell inserts to either
infected BEAS2b cells (described above) or S. aureus in neutrophil media alone or
supplemented with recombinant human IL-8 (R & D Systems). Cells were suspended in
FACS buffer (Cell Staining Buffer, BioLegend) blocked with Human Fc block for 10
minutes prior to addition of antibodies for IL-20RA, IL-22RA (Abcam), IL-20RB
(eBioscience), or species-appropriate isotype control antibodies at 10 ug/mL.
Secondary and conjugate antibodies were added at concentrations according to
manufacturer instructions: Brilliant Violent 421-anti-Rabbit, PE-anti-Rat, Alexa Fluor
647-anti-CD66b, FITC-anti-CD45 (BioLegend). Cell viability was determined by Zombie
NIR Fixable Viability Kit (BioLegend) according to manufacturer instructions. Labeled

cells were kept on ice and acquired on the flow cytometer (LSRFortessa, BD

73



Biosciences) immediately. Analysis was performed with FlowJo software, cells were

gated on singlets, and dead cells were excluded before gating on target populations.

Measurement of neutrophil responses to IL-20.

Infection of human neutrophils with S. aureus. The S. aureus USA300 LAC strain was
kindly provided by M. Otto (NIAID, Bethesda, MD). S. aureus was grown to mid-
exponential phase in BHI (BD Biosciences) from a refreshed overnight culture and
washed with HBSS. Neutrophils were added to 48 well plates that were coated with
Coating Buffer, at 1x10° cells per well in media. Neutrophils were either left unprimed or
primed with TNFa at 10 ng/mL. For relevant experiments, cytochalasin D (10 ug/mL) or
10 U/mL DNase (Sigma) was added. Neutrophils were then incubated for 30 minutes at
37°C. S. aureus was then added at MOI 1, diluted in either media alone or media
containing 50 ng/mL rhIL-20, and plates were centrifuged at 1200 rpm for 8 minutes to
synchronize phagocytosis.

Samples were taken in quadruplicate at multiple time points between 0.5-4 hours for
CFU enumeration. Neutrophils were lysed by adding pH 11 dH20 to ensure lysis of
phagosomes and total dispersal of staphylococci from cell membrane ghosts (Decleva
et al., 2006). Lysate was serially diluted in sterile PBS and plated on BHI agar plates
that were then incubated at 37°C, and CFUs were enumerated the following day. To
enumerate intracellular staphylococci, 100 ug gentamicin was added at indicated time
points and plates were incubated on ice for 20 minutes. Cells were washed two times
with ice cold PBS to remove excess antibiotic, and then lysed, serially diluted and CFU

were enumerated as described. Samples were taken in duplicate.
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Immunofluorescence and confocal microscopy. For immunofluorescence by confocal
microscopy, neutrophils were seeded on acid washed coverslips that were treated with
Coating Buffer and placed in 24 well plates as described (26). Neutrophils were infected
with S. aureus as described above and incubated at 37°C for 1 minute, supernatant was
removed and cells were fixed with 4% paraformaldehyde at room temperature for 10
minutes. Cells were permeabilized with 0.1% Triton-X 100 for 10 minutes at room
temperature and cells were stained with Alexa Fluor 488-phalloidin (Invitrogen)
according to manufacturer instructions. After counterstaining with DAPI, coverslips were
mounted with Prolong Gold (Invitrogen).

Confocal images were collected using a Leica DMI8000 confocal microscope (Leica
Microsystems) enabled with 63x oil immersion objective NA 1.4. Images were acquired
using constant laser intensity for Argon Laser and 488 nm wavelength for Alexa fluor
488. Photons were collected using constant photomultiplier electronic gain between the
samples to quantify the differences in absolute fluorescence intensity levels from
different conditions. Twenty-five fields of view from each condition were collected in an
unbiased manner using an automated tiling method. Acquired images were further
analyzed using Imaris image processing software (Bitplane USA) to quantitate the
absolute total fluorescence intensity per cell. Cumulative intensity calculated from 25
fields of view were plotted as average mean intensity normalized to total number of
cells.

Western blotting. Neutrophil lysates were obtained from neutrophils infected with S.

aureus as described above, incubated for 10 minutes at 37°C. Supernatant was

aspirated from wells and lysis buffer (50 uL/well) was added to wells while the plate was
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on ice. Samples were stored at -80°C until use. SDS-PAGE, transfer to nitrocellulose
membrane and blocking were performed as described above. Membranes were probed
with antibodies for phospho-ERK1/2 (9101), total ERK1/2 (9102), phospho-p38 MAPK
(9211) or phospho-ATF-2 (9221) from Cell Signaling Technology or Actin (ab8227) from
Abcam. Corresponding secondary antibodies (anti-rabbit 680LT or anti-mouse 800CW;
Licor) were added. Membranes were stripped and reprobed as needed to assess
multiple targets. Immunoblots were imaged using a Licor scanner.

Live imaging. For live imaging of neutrophils, Nunc Lab-Teck || Chambered Coverglass
(8 well, ThermoFisher) was coated with Coating Buffer as described previously, and
neutrophils were seeded at 5x10° cells/well. The slide was placed inside a heated
chamber (37°C) on a Leica AF 6000 LX microscope, stimulations were added (GFP-
expressing S. aureus with 100 ng/mL IL-8 +/- 10 ng/mL IL-20). Images were taken in
three locations in each chamber every minute for at least 30 minutes.

Transwell migration assays. For assays where neutrophils migrated to BEAS2b cells or
supernatants, the epithelial cells were grown in 24 well plates as described above and
BEGM was removed the night before the experiment and replaced with minimal media
(BEBM, Lonza). The following day, BEBM was replaced with fresh BEBM alone or
BEBM with S. aureus USA300 (MOI 2). Infected BEAS2b cells were incubated for 2
hours before addition of transwell inserts (3.0 um pore, Corning) in each well, to which
1.5x10° neutrophils were added. Neutrophils were allowed to migrate for three hours, at
which point transwell inserts were removed and neutrophils were recovered from the
bottom chamber by gentle pipetting. These cells were stained for IL-20 receptor and

neutrophil markers as described above.
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Alternatively, BEAS2b cells were incubated with S. aureus as described for four hours
and supernatants were removed, sterile filtered (0.2 um filter) and stored at -20°C until
use. To remove IL-20 from supernatant, Protein G DynaBeads (ThermoFisher) were
used according to manufacturer instructions with anti-IL-20 antibody (R & D Systems).
Removal of IL-20 was confirmed by BioPlex assay (Bio-Rad).

To quantify neutrophil migration in response to BEAS2b cell supernatants or
recombinant human (rh) IL-8 and/or rhIL-20 (R & D Systems), 24 well plates were
coated with Coating Buffer: 20% autologous donor serum and 12 ng/mL ICAM-1 (R & D
Systems) in HBSS with divalent cations (Cellgro) at 37°C for one hour and washed two
times with HBSS. BEAS2b cell supernatant or neutrophil media containing 100 ng/mL
rhlL-8 and/or 10 ng/mL rhlL-20 was added to the wells, with supernatant from
uninfected cells or neutrophil media alone, respectively, used as negative controls.
Neutrophils were allowed to migrate to BEAS2b cell supernatant for 3 hours or
neutrophil media with recombinant human proteins for 1 hour. Neutrophils were then
recovered from the lower chamber by gentle pipetting and counted manually using a
hemacytometer. Each condition was performed in duplicate.

Assessment of neutrophil apoptosis and cell death. Annexin V-FITC antibody and
propidium iodide (Sigma) were added to neutrophil samples, according to
manufacturer’s instructions, taken from indicated conditions at 4 hours p.i. Cells were
washed, acquired on flow cytometer and analyzed using FlowJo software. LDH release
assay (Promega) was performed on samples from indicated timepoints as described

above.
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Measurement of ROS production. Neutrophils were added to 96 well plates (5x10°
cells/well) and primed and infected as described above. Each condition was set up in
triplicate. Luminol (1 mM) was added to wells immediately following addition of S.
aureus. The plate was incubated in a luminometer (Beckman Coulter DTX 880
Multimode Detector) set to 37°C and measurements were taken every four minutes for
four hours.

Measurement of dsDNA release and granule exocytosis. Supernatants were taken from
neutrophils infected with S. aureus as described above and spun down at 8000 rpm for
5 minutes to ensure removal of cells. Concentration of dSSDNA was assessed as
described by Fuchs et al.: 500 mU/mL of MNase (Sigma) was added to supernatants
prior to centrifugation and activity was stopped with 5 mM EDTA (Fuchs et al., 2007). A
Picogreen dsDNA kit was used to quantify concentration in samples and standard
(Invitrogen).

Select targets for granule exocytosis were stained on neutrophils in indicated conditions
at 1 hour p.i. using FITC-conjugated aCD63 (primary granules) and PerCP Cy5.5-
conjugated aCD66b. Cells were acquired on a BD LSRFortessa flow cytometer and
analyzed as described previously.

Primary (azurophilic) granule exocytosis was also measured by neutrophil elastase
activity assay. Supernatants were incubated at 37°C overnight with equal volume of the
colorimetric substrate N-methoxysuccinyl-ala-ala-pro-val p-nitroanilide (1 mM), and the
reaction was read at A4gs. Concentration of neutrophil elastase in samples was
calculated based on a standard curve generated from recombinant neutrophil elastase.

Sandwich ELISAs for lactoferrin and MMP9 were used to measure secondary (specific)
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and tertiary (gelatinase) granule release, respectively. Antibody pairs for lactoferrin
(capture: 265-1K1 and detection: HRP conjugate) and MMP9 (capture: IA5 and
detection: biotinylated IIA5) were obtained from Thermo Fisher, and corresponding
recombinant proteins were used as standards.

Zymograms were performed according to manufacturer (Invitrogen) instructions by
separating samples on Novex 10% Zymogram Gelatin Protein gels, using renaturing
buffer to renature proteins in the gel and developing buffer allowing digestion of gelatin
to proceed overnight at 37°C. Areas of digested gelatin were visualized by Coomassie

staining.

Data Analysis
All data are shown as means + SEM and are representative or compiled from at least
three separate experiments using blood from different donors. Statistical differences

were analyzed by t-test or Two-way ANOVA using GraphPad Prism 7 software.
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Figure 1. Inmune signaling in skin during infection with S. aureus. Staphylococci
breach the epithelial barrier and are detected by pattern recognition receptors, such as
TLR2 binding lipoteichoic acid from the S. aureus cell wall, on epithelial cells
(keratinocytes) or resident macrophages. Engagement of TLR2 results in release of IL-
1a from keratinocytes and IL-13 from macrophages and other resident leukocytes. IL-1a
activates production of antimicrobial peptides (AMPs) and chemokines from
keratinocytes and IL-1f8 induces downstream inflammatory signaling, including IL-17
production by y8 T cells. Other pro-inflammatory factors, such as TNFa, are also
produced. Together, the pro-inflammatory factors and S. aureus itself activate
chemokine signaling, such as IL-8, to recruit neutrophils from circulation. S. aureus also
induces IL-20 production from keratinocytes. Migrating from circulation alters neutrophil
function and morphology, priming them for enhanced anti-microbial responses and
altering their receptor expression to render them more responsive to the rich signaling
environment encountered in the infected epithelium. Here, the neutrophils will encounter
multiple signals simultaneously, including, but not limited to: IL-8, TNFa and IL-20.
[lllustration courtesy of Ryan Kissinger, Department of Visual and Medical Arts,
Research Technologies Branch, National Institute of Allergy and Infectious Disease.]
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Figure 2. Priming and activation of human neutrophils in vitro. Neutrophils isolated
from peripheral whole blood have a round morphology and are in a ‘resting’ state. To
activate neutrophils in vitro, they can be either (A) adherent to ICAM-1 and serum
coated wells and primed with TNFa and infected with S. aureus, or (B) allowed to
migrate through transwell inserts to S. aureus-infected epithelial cells. [lllustration
courtesy of Ryan Kissinger, Department of Visual and Medical Arts, Research
Technologies Branch, National Institute of Allergy and Infectious Disease.]
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Figure 3. Overview of granule contents and degranulation. When a neutrophil
migrates to infection and becomes activated by encountering host signaling factors
and/or S. aureus it mobilizes its granules in a hierarchical manner. Early in the process
secretory vesicles and tertiary granules are released. Secretory vesicles contain plasma
proteins and various cytokines and chemokines that can signal to other cells. Tertiary
granules contain enzymes that can degrade extracellular matrix components, and may
aid in neutrophil migration. Later, once the neutrophil encountered S. aureus and
phagocytosed staphylococci, primary and secondary granules fuse with the phagosome
and are also released into the extracellular space. Primary and secondary granules
contain antimicrobial factors such as a-defensins, NADPH oxidase components and
proteases. [lllustration courtesy of Ryan Kissinger, Department of Visual and Medical
Arts, Research Technologies Branch, National Institute of Allergy and Infectious
Disease.]
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A

Isotype Control Type | IL-20R Type Il IL-20R

Figure 4. BEAS2b cells express a Type Il IL-20 receptor that signals via STAT3
activation. (A) Immunofluorescence staining for Type | or Type Il IL-20 receptor was
performed on BEAS2b cells cultured on collagen-coated glass coverslips. For both Type
I and Type Il receptors, rat-derived anti-IL-20RB labeled with anti-rat Alexa fluor 488
(green). For Type | receptor, rabbit-derived anti-IL-20RA labeled with Alexa fluor 594
(red) and for Type |l receptor, rabbit-derived anti-IL-22RA labeled with Alexa fluor 594
(red). Isotype control is Rat IgG2a, labeled with Alexa fluor 488 (green) and rabbit IgG
labeled with Alexa fluor 594 (red). In all panels, DAPI is blue. (B) Western blot of
BEAS2b cell lysates for STAT3 activation after 1 hour incubation with rhIL-20 at
indicated doses or after 20 minute pre-incubation with 1 ug/mL isotype control or anti-IL-
20RB antibody and subsequent 1 hour incubation with 10 ng/mL rhIL-20. Data shown is
representative of three independent experiments.
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Figure 5. IL-20 is expressed by BEAS2b cells during in vitro infection with S.
aureus. BEAS2b cells were incubated with S. aureus USA300 at a MOI=1 and lysates
and supernatants were subjected to assays for select cytokines. (A) Fold expression in
cells at 2 hours p.i. by RT-PCR of indicated cytokines in infected cells relative to
uninfected, normalized to GAPDH. (B) Concentration of indicated cytokines measured
by BioPlex assay of supernatants from uninfected and infected cells at 6 hours p.i. (C)
C57/BI6 were inoculated intranasally with 8x10” CFU S. aureus USA300 in a sublethal
pneumonia model. RNA was isolated from lungs that were removed at indicated

timepoints and subject to RT-PCR . Gene expression was normalized to GAPDH and is
shown as fold increase in transcripts relative to mock infected mice that were inoculated
with sterile PBS. Data for all graphs are combined from three independent experiments,
and statistical significance was determined by t-test.
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Figure 6. Signaling through IL-20 receptor inhibits production of IL-8 and reduces
neutrophil migration. BEAS2b cells were pretreated with 1 ug/mL isotype control or
anti-IL-20RB antibody for one hour and infected with S. aureus USA300 at a MOI=1. (A)
Concentration of IL-8 in BEAS2b cell supernatants from indicated conditions at 4 hours
p.i., measured by BioPlex assay. (B) Quantification of neutrophils that migrated during
transwell migration assay from transwell inserts with 3 um pore into chamber containing
infected BEAS2b. Transwell inserts were added to wells containing BEAS2b cells at 2
hours p.i. and neutrophils were allowed to migrate for 3 hours. Each condition was
performed in duplicate. Inserts were then removed and neutrophils were collected in
supernatant from the lower chamber and counted manually in a hemacytometer. Data is
representative of three independent experiments, and statistical significance was
determined by t-test.
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Figure 7. IL-20 and IL-20 receptor signaling enhances Regllly production.
Detection of Regllly in supernatants of BEAS2b cells at 4 hours p.i. that were infected
with S. aureus USA300 at a MOI=1 and (A) 0 or 10 ng/mL rhIL-20 or (B) pretreated for
one hour with 1 ug/mL isotype control or anti-IL-20RB antibody. Data is combined from
three independent experiments, and statistical significance was determined by t-test.
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Figure 8. IL-20 receptor signaling does not provide protection for BEAS2b cells
during in vitro infection with S. aureus. BEAS2b cells were pretreated with 1 ug/mL
isotype control or anti-IL-20RB antibody for one hour and infected with S. aureus
USA300 at a MOI=1. (A) Percent cell lysis was measured by LDH release assay of
supernatants at 4 h p.i., percent shown is relative to lysis of all cells. (B) S. aureus
growth in culture media of wells containing BEAS2b cells in the indicated conditions
expressed as fold increase of CFUs relative to S. aureus incubated in wells containing
cell culture media alone. Data is combined from three independent experiments, and
statistical significance was determined by t-test.
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Figure 9. Human exudate neutrophils that migrated in vivo have altered IL-20
receptor expression. (A) Detection of indicated IL-20 receptor chains on live
neutrophils isolated from peripheral whole blood. Flow cytometry histograms from a

representative donor (left) and summary data from multiple donors of percentage of
neutrophils staining positive for each receptor chain (right) are shown. (B) Detection of
IL-20R receptor chains on live neutrophils that extravasated from circulation into suction
blisters induced on healthy volunteers. The suction blisters contained saline or killed S.
aureus (SA1 or SA2, two distinct clinical isolates). Flow cytometry dot plots from a
representative blister subject (left) and summary data from multiple subjects (right, each
line connects data from a unique subject, n=6) are shown.
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Figure 10. Neutrophil IL-20 receptor expression is altered via migration or
activation in vitro. Healthy donor-derived peripheral blood neutrophils were assessed
for IL-20R chain expression after exposure to indicated conditions in vitro. In (A),
neutrophils were stained directly after isolation (peripheral blood), after migration across
transwell inserts to uninfected or S. aureus-infected BEAS2b cells, or after adherence
and exposure to supernatant from S. aureus-infected BEAS2b cells (adherent+sup). In
(B), neutrophils were stained directly after isolation (peripheral blood) or after migration
across transwell inserts into wells containing IL-8 (100 ng/ml), S. aureus (2x10°
CFU/well), or both. In (C), neutrophils were incubated in media (unprimed) or primed
with TNFa (10 ng/ml, 30 minutes) and then incubated for 1 hour in the absence or
presence of S. aureus (Sa, 1x10° CFU/well=MOI 1). Data show mean frequency of live
CD66b+ cells that express indicated receptor chains from three healthy volunteers (A-
B), or fold-change in frequency of receptor-positive cells relative to unprimed neutrophils
in 6 healthy volunteers (C). Error bars reflect SEM. *p< 0.05, **p<0.01, ***p<0.001
compared to peripheral blood (A-B) or unprimed (C) neutrophils.
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Figure 11. IL-20 modulates actin polymerization in neutrophils. (A) Representative
confocal microscopy images of neutrophils incubated with indicated stimulation for 1
minute (Sa, S. aureus 2x10° CFU/well; IL-8, 100 ng/mL; TNFa, 10 ng/ml). Green, Alexa
Fluor 488-phalloidin; blue, DAPI. (B) Quantification of Alexa Fluor 488-phalloidin
fluorescence intensity per cell from analysis of 25 fields of view per condition that were
generated by an automated tiling method and normalized to the total number of cells
across all images with standard deviation. Data is representative of results from three
different donors. ***p<0.001 by t test.
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Figure 12. IL-20 signals via ERK1/2 in activated neutrophils. Western blots of
lysates from neutrophils that were untreated or treated with indicated inhibitors for 30
minutes, then infected with S. aureus (MOI 1) and (A) stimulated with IL-8 alone or with
IL-20 for 10 minutes or (B and C) TNF alone or with IL-20 for 10 minutes. Results
shown are representative of neutrophils from 3 healthy donors.
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Figure 13. Live imaging videos in supplemental file. IL-20 inhibits random
neutrophil migration. Live imaging of neutrophils in chambered coverglass (5x10°
cells/chamber) with media alone (Video 1), GFP-expressing S. aureus (MOI 1) + IL-8
(100 ng/mL) (Video 2), or GFP-expressing S. aureus (MOI 1) + IL-8 and IL-20 (10
ng/mL) (Video 3). An image was acquired from three different positions per condition
every 1 minute for 30 minutes. Data shown is representative of images obtained from
three different healthy donors.
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Figure 14. Depletion of IL-20 from supernatant of infected BEAS2b cells enhances
neutrophil migration. (A) Sterile filtered supernatant from BEAS2b cells that were
infected with S. aureus (MOI 2) for 4 hours and assayed via BioPlex for IL-20
concentration. Supernatant was was subéected to immunoprecipitation with an anti-IL-
20 antibody or isotype control. (B) 1.5x10° peripheral blood neutrophils were placed in
the upper chamber of transwell plates. After 3 hours, the number of cells that migrated
across the transwell insert to lower chambers was counted using a hemacytometer. The
lower chambers contained media or supernatants from human bronchial epithelial
(BEAS2D) cells that had been infected with S. aureus (MOI 2) for 4 hours, sterile-
filtered, and then subjected to immunoprecipitation with isotype control or IL-20
antibody. Under some conditions (alL-20+IL-20), recombinant IL-20 (10 ng/mL) was
added back to supernatant after IL-20 immunoprecipitation. Data shown reflect mean +/-
SEM of results from three donors, and *p<0.05, **p<0.01 by t test.
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Figure 15. Inhibition of ERK1/2 abrogates IL-20 effects on neutrophil migration.
(A) Neutrophils were treated with indicated inhibitors and stimulated to migrate across a
transwell chamber into a lower chamber containing supernatants from BEAS2b cells
that had been infected with S. aureus (MOI 2) for 4 hours, sterile-filtered, and then
subjected to immunoprecipitation with isotype control or IL-20 antibody. Under some
conditions (alL-20+IL-20), recombinant IL-20 (10 ng/mL) was added back to
supernatant after IL-20 immunoprecipitation. (B) Neutrophils untreated or treated with
indicated inhibitors and stimulated to migrate across transwell inserts for 1 hour to wells
containing S. aureus (2x10° CFU/well) + IL-8 (100 ng/mL) alone or with IL-20 (10
ng/mL). Data shown reflect mean +/- SEM of results from three donors, and *p<0.05,

**p<0.01 by t test.
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Figure 16. IL-20 inhibits killing of S. aureus by TNFa.-primed neutrophils in vitro.
Bacterial CFU recovered from adherent peripheral blood neutrophils that were unprimed
(A) or primed with TNFa (10 ng/mL, 30 min) (B) and then incubated with S. aureus (MOI
1) in the presence or absence of IL-20 (50 ng/mL) for the indicated time. Data shown
are the mean of results from seven donors with each donor assayed in quadruplicate.
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Figure 17. Neutrophil apoptosis and lysis are not altered by IL-20. Apoptosis and
cell death of neutrophils in the in vitro killing assay was evaluated by staining cells with
anti-Annexin V antibody and propidium iodide (PI) at 4 hours post-infection. (A) Dot
plots of Annexin V and PI stained cells acquired via flow cytometry. (B) Quantification of
flow cytometry dot plots indicates total percentage of Annexin V+ (apoptotic) and Pl+
(dead) cells. (C) Percent cell lysis, based on comparison to sample of fully lysed cells,
by LDH assay of cell free neutrophil supernatants in same conditions at indicated
timepoints. Data shown reflect mean +/- SEM of results from four donors and no
significant differences were found by t test.
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Figure 18. IL-20 does not affect ROS production by neutrophils. ROS detected by
luminescence of luminol (1 mM) added to wells with unprimed or TNFo-primed
neutrophils that were (A) uninfected or (B) infected with S. aureus (MOI 1) in the
presence or absence of IL-20 (50 ng/mL) as described for the in vitro killing assay.
Conditions were performed in triplicate and measurements were taken every 4 minutes;
data shown as mean +/- SEM of results from four donors.
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Figure 19. IL-20 does not alter release of dsDNA from neutrophils during infection
with S. aureus. (A) Concentration of dsDNA in DNase treated cell-free supernatants
from indicated timepoints of neutrophils that were primed with TNFa (10 ng/mL) or
unprimed and infected with S. aureus in the presence or absence of IL-20 (50 ng/mL).
Values for unprimed uninfected neutrophils are also included. (B) CFUs recovered at 4
hours post-infection when neutrophils were incubated as previously described with S.
aureus in indicated conditions without inhibitor or with 10 U/mL DNase to inhibit NET
formation. Data shown are mean +/- SEM of results from three donors **p<0.01,

***p<0

.001 by t test.
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Figure 20. Primary and secondary granule exocytosis are not affected by IL-20.
(A) Concentration of neutrophil elastase (primary/azurophilic granule marker) in
supernatants from human neutrophils, incubated with S. aureus MOI 1 for indicated
times, measured by reaction with colorimetric substrate, calculated using standard of
known concentration. (B) Lactoferrin concentration, marker for secondary (specific)
granules, measured by ELISA of neutrophil supernatants. Data shown in (A) and (B) as
mean +/- SEM from three healthy donors. (C and D) Representative histograms of (C)
CD63 and (D) CD66b expression on neutrophils that were incubated with S. aureus for
1 hour, membrane markers of primary or secondary granule exocytosis, respectively. (E
and F) Graphs showing quantification of (E) CD63 or (F) CD66b expression by mean
fluorescence intensity (MFI) obtained from histograms for uninfected or infected
neutrophils in the indicated conditions. Data shown in C-F is representative of four
different donors.
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Figure 21. Exocytosis of tertiary neutrophil granules is inhibited by IL-20. (A)
Gelatin zymography of supernatants from neutrophils infected for indicated times with S.
aureus (MOI 1). Results shown are representative of neutrophils from four independent
healthy donors. (B) Concentration of MMP9, marker for tertiary (gelatinase) granule
release, in supernatants of neutrophils infected for indicated times with S. aureus (MOI
1) +/- IL-20. Data shown as mean +/- SEM from four healthy donors. ***p<0.001 for
TNFa compared to TNFa+IL-20-treated neutrophils by Two-way ANOVA.

101



os}
=
g

A 100!- ) B TNFa
B Unprimed
TNFa+IL-20
o i alanb B Unprimed+IL-20 8 801 -
=) *k f E
E - TNFa @ gso.
2 B TNFa+lL-20 3 c e
S 4 Bl S. aureus alone @ E 407
5 -
é 204
0.1 0
NS e $
& 9\«9 Q N
& & Time (h)
& &
& &
&

Figure 22. IL-20 inhibits phagocytic uptake of S. aureus by TNFa.-primed
neutrophils. (A) Neutrophils primed with TNFa and then incubated with S. aureus (MOI
1) +/- IL-20 as previously described, in the absence or presence of cytochalasin D (10
ug/mL). CFU were determined in quadruplicate for each sample at 4 hours post-
infection. Data shown are mean +/- SEM of results from three donors. (B) Gentamicin
was added at the indicated time points after infection to kill extracellular bacteria and
CFU were enumerated following neutrophil lysis. Data shown as percent of S. aureus
remaining compared to average of total S. aureus present in duplicate gentamicin-
untreated wells and reflect mean +/- SEM of results from four donors. For (A and B):
**p<0.01, ***p<0.001 by t test of TNFa compared to TNFa+IL-20-treated neutrophils.
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Figure 23. Inhibition of phagocytosis and tertiary granule exocytosis by IL-20 is
mediated by ERK1/2. (A) S. aureus CFU recovered from adherent peripheral blood
neutrophils that were treated with the indicated inhibitors and then incubated with S.
aureus (MOI 1) and TNFa (10 ng/mL) in the presence or absence of IL-20 (50 ng/mL)
for four hours. (B) Neutrophils were treated with indicated inhibitors and incubated with
S. aureus and TNFa. +/- IL-20 as previously described. Gentamicin was added at the
indicated time points after infection to kill extracellular bacteria and CFU were
enumerated after lysing neutrophils. Data shown as percent of S. aureus remaining
compared to average of total S. aureus present in duplicate gentamicin-untreated wells.
(C) Gelatin zymography of cell free supernatants from neutrophils incubated with for
one hour with S. aureus (MOI 1) and TNFa +/- IL-20 after treatment with indicated
inhibitors. Results shown are representative of neutrophils from three healthy donors.
(D) Concentration of MMP9 in supernatants of neutrophils infected for one hour with S.
aureus (MOI 1) +/- IL-20 after priming under indicated conditions. For (A), (B), and (D),
data shown reflect mean +/- SEM of results from three donors, and *p<0.05, **p<0.01,
***p<0.001 by t test.
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Figure B.1. Induction of leukopenia in CD1 mice by cyclophosphamide treatment.
Six-week old CD-1 mice were treated every 48 hours with 150 mg/kg cyclophosphamide
via intraperitoneal injection. On day 1, 7 and 9 mice were euthanized, blood sampled via
cardiac puncture and anticoagulated through the addition of EDTA. The numbers of
white blood cells (WBC) in each sample were enumerated by hemocytometry and
plotted as a function of time (A). White arrows above the plot indicate days when
animals received cyclophosphamide treatment. The average cell count (and the
standard error of the means) of leukocytes, neutrophils, lymphocytes or monocytes were
determined on days 1, 7 and 9 (B). On day 7, cyclophosphamide treatment had depleted
83% of leukocytes, 94% or neutrophils, 80% of lymphocytes and 84% of monocytes as
compared to mock treated mice.
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Figure B.2. Staphylococcus aureus bloodstream infection in leukopenic mice. (A-
B) Cohorts of 7-week-old female CD-1 mice (n=10) mock treated (A) or treated with
cyclophosphamide in 48 hour intervals (B) were infected by injection of S. aureus
Newman (1x10° 1x10°®, 1x10”, 5x10” or 1x10® CFU) into the periorbital venous plexus
and animal survival recorded over 10 days. (C-D) At day 10 (C) or 4 (D) post infection,
kidney, liver and lung tissues of mock-treated (C) or cyclophosphamide-treated (D) CD-1
mice infected with S. aureus Newman bloodstream infection (1x10° or 1x10” CFU) were
removed during necropsy; homogenized tissues were analyzed for staphylococcal load
by plating serially diluted samples on agar plates and enumerating CFU. (E-F)
Hematoxylin-eosin stained thin-sections of kidney tissues from mock-treated (E) or
cyclophosphamide-treated (F) mice that had been euthanized on day 10 following
bloodstream infection with 1x10” and 1x10° CFU S. aureus Newman, respectively, were
viewed by light microscopy and images acquired. Bars indicate length measurements.
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Figure B.3. Virulence factor contribution to Staphylococcus aureus bloodstream
infection in leukopenic mice. Cohorts of 7-week-old female leukopenic
(cyclophosphamide treated) CD-1 mice (n=10-15) were infected by intravenous injection
with 2x10° CFU of S. aureus Newman wild-type or its isogenic variants with deletions or
insertions in hla (A), isdAB (B), coa/vwb (C) or srtA (D). Animal survival was recorded
over 10 days. Statistical significance in animal survival between two cohorts was
analyzed with the two-tailed log-rank test; P <0.05 was used to as criteria for significant

difference.
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Figure B.4. Contributions of individual surface proteins to Staphylococcus aureus
bloodstream infection in leukopenic mice. Cohorts of 7-week-old female leukopenic
(cyclophosphamide treated) CD-1 mice (n=10-20) were infected by intravenous injection
with 2x10° CFU of S. aureus Newman wild-type or its isogenic variants with deletions or
insertions in clfA (A), fnbB (B), sdrD (C) or spa (D). Animal survival was recorded over
10 days. Statistical significance in animal survival between two cohorts was analyzed
with the two-tailed log-rank test; P <0.05 was used to as criteria for significant difference.
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Figure B.5. Surface protein vaccine prolongs the time-to-death of leukopenic mice
with Staphylococcus aureus bloodstream infection. Three-week-old CD-1 mice were
immunized with adjuvant alone (mock) or with a cocktail of 25 yg each of four
recombinant purified proteins emulsified in adjuvant: CIfA, FnBPB, SdrD and SpAkkaa.
Mock or booster immunizations occurred on day 12. Animals were treated with
cyclophosphamide on day 21 and in 48 hour intervals thereafter for the duration of the
experiment. Animals (n=5) were bled on day 26 and mouse serum half-maximal
antibody titers against purified S. aureus surface proteins (SpAxkaa, Sbikkaa, FNBPA,
FnBPB, CIfA, CIfB, SdrC, SdrD, and SdrE) were determined by ELISA. Brackets denote
standard error of the means. (B) Leukopenic (cyclophosphamide treated) CD-1 mice
(n=10) that had been mock immunized or immunized with the surface protein vaccine
(vaccinated) were challenged by intravenous injection with 2x10° CFU S. aureus
Newman on day 27 following the first immunization. Animal survival was recorded over
10 days. Statistical significance in animal survival between two cohorts was analyzed
with the two-tailed log-rank test; P <0.05 was used as criteria for significant difference.
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Figure B.6. Surface protein vaccine inhibits bacterial replication in leukopenic
mice with Staphylococcus aureus bloodstream infection. Mock-immunized (closed
circles) or vaccinated (CIfA, FnBPB, SdrD and SpAxkaa - open circles) leukopenic
(cyclophosphamide treated) CD-1 mice were infected with 2x10° CFU of S. aureus
Newman as described in the legend to Fig. 5. Animals were euthanized 3 hours (A), 6
hours (B), 1 day(C) or 3 days (D) post challenge. Kidney, lung and liver tissues were
removed during necropsy and analyzed for staphylococcal load by plating serially diluted
samples on agar plates and enumerating CFU. Statistical significance of differences in
bacterial load between mock treated and vaccinated leukopenic mice were analyzed
with the Mann-Whitney test; P <0.05 was used as criteria for significant difference.
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APPENDIX B: VACCINE PROTECTION OF LEUKOPENIC MICE AGAINST

STAPHYLOCOCCUS AUREUS BLOODSTREAM INFECTION.

Preface
During my time as a graduate student with the Department of Microbiology, | had the
pleasure and valuable learning experience of working with my labmates in the
Missiakas and Schneewind labs to contribute to the work in this manuscript, which was
published in Infection and Immunity in November of 2014. Contributions to this work
were also made by Sabine Rauch, Han Kim, Olaf Schneewind and Dominique
Missiakas. The manuscript was prepared by Dominique Missiakas.
Abstract

The risk for Staphylococcus aureus blood stream infection (BSI) is increased in
immunocompromised individuals, including patients with hematologic malignancy and/or
chemotherapy. Due to the emergence of antibiotic-resistant strains, MRSA (methicillin
resistant S. aureus), staphylococcal BSI in cancer patients is associated with high
mortality, however neither a protective vaccine nor pathogen specific immunotherapy is
currently available. Here we modeled staphylococcal BSI in leukopenic CD1 mice that
had been treated with cyclophosphamide, a drug for leukemia and lymphoma patients.
Cyclophosphamide treated mice were highly sensitive to S. aureus BS| and developed
infectious lesions lacking immune cell infiltrates. Virulence factors of S. aureus that are
key for disease establishment in immunocompetent hosts- a-hemolysin (Hla), iron-
regulated surface determinants (IsdA and IsdB) and coagulases (Coa and vWbp)- are

dispensable for the pathogenesis of BSI in leukopenic mice. In contrast, sortase A
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mutants, which cannot assemble surface proteins, displayed delayed time-to-death and
increased survival in this model. A vaccine with four surface antigens (CIfA, FnBPB,
SdrD and SpAkkaa), which was identified by genetic vaccinology using sortase A
mutants, raised antigen-specific immune responses that protected leukopenic mice

against staphylococcal BSI.

Introduction

Staphylococcus aureus is a commensal of the human nares, skin and
gastrointestinal tract that also causes invasive disease, including skin and soft tissue
infections (SSTI), bacteremia, sepsis, endocarditis, pneumonia and osteomyelitis
(Kuehnert et al., 2006; Lowy, 1998). S. aureus causes disease in healthy individuals,
which most frequently manifests as purulent SSTIs (Klevens et al., 2007). Invasive
disease is associated with bloodstream infection (BSI) that may develop into fulminant
sepsis or endocarditis (DeLeo et al., 2010; Lessa et al., 2010). The treatment of S.
aureus infections has been complicated by the emergence and spread of antibiotic-
resistant strains, designated MRSA (methicillin-resistant S. aureus), that have evolved
resistance traits against all known therapeutics (David and Daum, 2010; DelLeo et al.,
2010).

Patients with indwelling catheters, endotracheal intubation, medical implantation
of foreign bodies (prosthetic joints, implants and heart valves), trauma, surgical
procedures, hemodialysis, peritoneal dialysis, immunosuppressive or cancer therapy,
diabetes, as well as individuals with increased age and low birth weight are all at

elevated risk of S. aureus infection (Kallen et al., 2010; Spellberg and Daum, 2012).
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These patient populations can be broadly classified into three groups: individuals with a
breach of barrier function, enabling staphylococci to cause invasive infections (trauma,
surgery); individuals with implants that serve as a protective niche for staphylococci;
and, individuals with diminished innate immune defenses, most importantly patients with
reduced opsonophagocytic killing of bacteria, which is mediated by neutrophil
granulocytes (Casanova et al., 2012; Puel et al., 2011). The latter can occur in
individuals with primary immunodeficiency disorders, caused, for example in patients
with chronic granulomatous disease, by mutations that affect the NADPH oxidase of
neutrophil granulocytes to produce oxygen radicals for killing of staphylococci (Babior,
2004; Curnutte et al., 1974). Much more frequently, however, diminished
opsonophagocytic killing of staphylococci occurs in individuals with hematologic
malignancies and/or anti-cancer chemotherapy (Chemaly et al., 2010), a patient
population where S. aureus BSls cause significant morbidity and mortality (Gonzalez-
Barca et al., 2001; Skov et al., 1995).

Cyclophosphamide is an alkylating agent that is used for the therapy of
malignancies and autoimmune diseases and for bone marrow transplantation (Emadi et
al., 2009). Cyclophosphamide therapy induces neutropenia and leukopenia and is
associated with increased risk for S. aureus BSI (Bishop et al., 1981; Mahajan et al.,
2012). Although cyclophosphamide induced leukopenia in mice has been used
extensively as a preclinical model to assess therapeutic efficacy of antibiotics against
bacterial infections, this model has heretofore not been used to analyze the virulence
factors for S. aureus BSI in patients with diminished capacity for opsonophagocytic

killing (Craig and Andes, 2008; Zuluaga et al., 2006).
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Although there is a need for vaccines and immunotherapies that protect high risk
patients against S. aureus infection, several clinical trials for staphylococcal vaccines
failed to meet their study endpoints (Daum and Spellberg, 2012). These trials have
focused on single staphylococcal antigens that, during preclinical testing, were
demonstrated to act as virulence factors for the pathogenesis of specific disease and,
when used as subunit vaccines, elicited immune responses that protect
immunocompetent animals (Bubeck Wardenburg and Schneewind, 2008; Duthie and
Lorenz, 1952; Fattom et al., 1990; Kuklin et al., 2006; Menzies and Kernodle, 1996).
Clinical trials for S. aureus vaccines included capsular polysaccharides (CP types 5 and
8), a-hemolysin (Hla), coagulase (Coa), and the iron-regulated surface determinant B
(IsdB) (Harrison, 1963; Kernodle, 2011; Shinefield et al., 2002).

Here, we use the leukopenic mouse model to analyze S. aureus variants lacking
specific protective antigens to characterize targets for a staphylococcal vaccine in
cancer patients. Using genetic vaccinology to derive vaccine targets, we report that a
cocktail of four surface protein antigens (CIfA, FnBPB, SdrD and SpAkkaa) provides

protection against S. aureus BSI in leukopenic mice.

Materials and Methods
Animal care and regulatory compliance. All experiments involving the care and use of

animals followed protocols that were reviewed, approved and performed under the
regulatory supervision of The University of Chicago's Institutional Biosafety Committee
and the Institutional Animal Care and Use Committee. Animal care was managed by
The University of Chicago Animal Resource Center, accredited by the American

Association for Accreditation of Laboratory Animal Care and the Department of Health
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and Human Services (A3523-01). Animals were maintained in accordance with the
applicable portions of the Animal Welfare Act and the Department of Health and Human
Services Guide for the Care and Use of Laboratory Animals. Veterinary Care was under
the direction of full-time resident veterinarians boarded by the American College of
Laboratory Animal Medicine. CD-1 mice (strain code 022) were purchased from Charles

River.

Statistical analysis. Mouse survival was analyzed for significance using the two--tailed
log-rank test. The bacterial load following S. aureus infection, represented as the logo
CFU/g of organ tissue, was analyzed with the Mann-Whitney test for statistical
significance. Quantification of abscess formation was analyzed for statistical
significance using the unpaired two-tailed Student’s f-test. Statistical analyses were
performed using GraphPad Prism 4 software. All animal experiments were examined for

reproducibility using either two or three independent determinations.

Bacterial strains, media and growth conditions. Mutants harboring the bursa aurealis
mariner transposon in defined genes were transduced with bacteriophage ¢85 into S.
aureus Newman (Baba et al., 2008). The isdA/isdB and coal/vwb double mutants have
been described (Cheng et al., 2010; Mazmanian et al., 2003). S. aureus cultures were
grown at 37°C in tryptic soy broth (TSB), and bursa aurealis mutant cultures were
supplemented with 10 pug/ml of erythromycin. Escherichia coli strain BL21(DE3) was
grown in Luria-Bertani (LB) broth containing 100 ug/ml of ampicillin at 37°C when

plasmid was present.
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Protein purification. Recombinant clumping factor A (CIfA), fibrinogen binding protein A
(FnBPA), FnBPB, serine-aspartate repeat C (SdrC), SdrD, SdrE, non-toxigenic
staphylococcal protein A (SpAkkaa) and staphylococcal immunoglobulin-binding protein
(Sbikkaa) carrying hexa-histidine tags were produced from E. coli BL21(DE3) carrying
plasmids described earlier (Kim et al., 2010b; Kim et al., 2011; Stranger-Jones et al.,
2006). Briefly, overnight cultures of recombinant E. coli strains were diluted 1:100 into
fresh medium and grown at 37°C to an absorbance of 0.5 at 600 nm (Aeoo), at which
point cultures were induced with 1 mM isopropyl B-D-1--thiogalatopyranoside (IPTG)
and grown for an additional 3 hours. Bacterial cells were sedimented by centrifugation
(3,000 xg for 5 min), washed and suspended in Buffer A (50 mM Tris-HCI, pH 7.5,
containing 150 mM NaCl and 10 mM imidazole), and disrupted with a French pressure
cell at 14,000 psi. Crude lysates were centrifuged (40,000 xg for 40 min) and filtered
supernatants subjected to affinity purification. His-tagged proteins were purified over
nickel-nitrilotriacetic acid (Ni-NTA) agarose affinity column by gravity flow and eluted
with an imidazole gradient (10-500 mM). Protein purification was ascertained by
separating sample aliquots on 12% SDS-PAGE and Coomassie staining. Fractions
containing the proteins were pooled and subjected to 1% Triton X-114 extraction to
remove endotoxin. Following detergent addition, samples were first kept on ice for 10
min and then incubated at 37°C for 10 min followed by centrifugation (16,000 xg for 10
min). Triton X-114 extraction was repeated twice and the aqueous phase containing the

proteins was subjected to gel filtration in endotoxin-free PBS (Cellgro) using Hi-Trap
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desalting column (GE Healthcare). Protein concentration was assessed with the

bicinchoninic acid assay (BCA).

Cyclophosphamide-induced leukopenia and Staphylococcus aureus challenge of
animals. Six-week-old female CD-1 mice were treated every 48 hours via intraperitoneal
injection with cyclophosphamide monohydrate (CPM; Sigma C0768) dissolved in 200 pl
of sterile water at a dose of 150 mg/kg body weight or were mock (water) treated for 7
days prior to the infection and throughout the experiment. To confirm leukopenia,
mouse blood from at least three mice per group was drawn via cardiac puncture into
collection tubes lined with EDTA (Sarstedt, Microvette, 20.1278.100) and white blood
cells were counted with a hemocytometer. For infection of animals, overnight cultures of
S. aureus were inoculated 1:100 into fresh TSB and grown for 2 hours with shaking at
37°C. Staphylococci were sedimented by centrifugation, washed, suspended, and
diluted in sterile, endotoxin-free phosphate buffered saline (PBS) to obtain a starting
stock of 1x10° CFU/ml. Inocula were determined by CFU enumeration following serial
dilution, plating on tryptic soy agar, followed by incubation of plates for 16 hours at
37°C. Seven-week-old cyclophosphamide or mock treated CD-1 mice were
anesthetized by intraperitoneal injection with a cocktail of 65 mg ketamine and 2 mg of
xylazine per kilogram of body weight, and infected with 100 pl of bacterial suspension
(ranging from 10° to 108 CFU) via intravenous injection into the periorbital venous
plexus. Infected animals were monitored for morbidity or recovery over a period of 10
days. At indicated times after infection, mice were killed by CO; inhalation, and organs

were excised and homogenized in sterile phosphate buffered saline (PBS), 0.1% Triton
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X-100 using a high shear lab homogenizer (Omni International). Homogenates were
diluted, plated on agar and incubated 16 hours at 37°C for enumeration of colony

forming units (CFU).

Histopathology. Mouse organs were excised during necropsy and fixed in 10% formalin
for 24 hours at room temperature. Tissues were embedded in paraffin, thin--sectioned,

stained with hematoxylin and eosin (H&E), and examined by light microscopy.

Immunization studies. For active immunization, 3-week-old CD-1 mice were injected
intramuscularly with a mix of 25 yg of each recombinant protein (SpAkkaa, SdrD,
FnBPpB and CIfA) emulsified in complete Freund adjuvant (Difco), 100 uyl volume each
dose, followed by a boost on day 12 with 25 pg of each protein emulsified in incomplete
Freund adjuvant (Difco). Cyclophosphamide and mock treatment were started on day
21 and continued throughout the experiment every 48 hours. Blood was collected on
day 26 via peri-orbital vein puncture with heparinized micro-hematocrit capillary tubes
(Fisher). Z-gel serum separation microtubes (Sarstedt) were used to collect serum, and
specific antibody production was assessed via enzyme-linked immunosorbent assay
(ELISA) as described previously (Kim et al., 2010a). On day 27, mice were challenged
by intravenous injection with 2x10° CFU of S. aureus Newman. Antibody titers in mouse
sera were analyzed via ELISA for the vaccine antigens SpAkkaa, SdrD, FnBPpB and

CIfA as well as for cross-reactivity toward Sbikkaa, FNBPpA, CIfB, SdrC and SdrE.
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Results

Leukopenia following cyclophosphamide treatment of CD1 mice

Earlier work used outbred ICR mice and intraperitoneal injection of two doses (150 and
100 mg/kg body weight) of cyclophosphamide, administered 48 hours apart (days 1 and
3), to induce leukopenia (<10 neutrophils/mm? blood, 84% reduction in white blood
cells, with 92% and 96% decline in lymphocytes and monocytes, respectively) for 3
days (Zuluaga et al., 2006). Others used Swiss mice and two injections of 150 mg/kg
cyclophosphamide on day 1 and 4 to achieve neutropenia (Griffith et al., 2008). Using
female outbread CD1 mice, we observed that three intraperitoneal injections of 150
mg/kg cyclophosphamide in 48 hour intervals (days 1, 3 and 5) were required to cause
leukopenia (Figures B.1A and B.1B). At the day 7 interval, neutrophils were >90%
depleted relative to the average cell count prior to cyclophosphamide treatment; other
leukocyte populations were >80% depleted (Figures B.1A and B.1B). We also
observed that leukopenia was not sustained for the ten day observation period of our
experimental plan unless CD1 mice received continued treatment with
cyclophosphamide in 48 hour intervals. Cyclophosphamide treatment did not affect the
weight of animals as compared to mock treated animals (data not shown). On the basis
of these observations, we developed a protocol whereby CD1 mice were either mock or
cyclophosphamide (150 mg/kg) treated on days 1, 3 and 5 and challenged by
intravenous inoculation with S. aureus on day 6. Animals received mock or
cyclophosphamide treatment in 48-hour intervals (days 7, 9, 11, 13, 15) unless mice

succumbed to the infectious challenge.
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Staphylococcus aureus bloodstream infection in leukopenic mice

Cohorts of CD1 mice (n=10) were infected via intravenous injection with S. aureus
Newman (Baba et al., 2008), a human clinical isolate that has been used for animal
model development (Cheng et al., 2009; Duthie and Lorenz, 1952). Injection of 1x10°
CFU of S. aureus Newman caused 50% mortality in immunocompetent CD-1 mice over
the 10-day observation period, whereas lower inocula (5x10” or 1x10” CFU) resulted in
reduced mortality (Figure B.2A). In contrast, all leukopenic mice that had been treated
with cyclophosphamide succumbed to BSI when challenged with 1x10° or 1x10” CFU
S. aureus Newman. Mice that received a higher dose (1x107) succumbed with a
shortened mean time-to-death (<24 hours) as compared to animals challenged with
1x10° CFU (5 days) (Figure B.2B). Even a challenge dose of 1x10° CFU S. aureus
Newman caused bloodstream infections with 80% mortality over the 10-day observation
period (Figure B.2B).

Lethal outcome of S. aureus BSI was associated with staphylococcal replication
in infected tissues (Figures B.2C-B.2F). Enumeration of S. aureus in organs of mock-
treated animals that survived a bloodstream challenge of 1x10” CFU revealed small
bacterial numbers in kidney [3.3 (x0.6) log1o CFU/ml], liver [3.1 (£0.7) log1o CFU/mI] and
lung tissues [2.9 (x0.3) log1o CFU/mI] (Figure B.2C). In contrast, cyclophosphamide-
treated animals harbored increased S. aureus load in infected kidney [7.8 (£0.2) log1o
CFU/mlI], liver [5.1 (2x0.4) log1o CFU/mI] and lung tissues [6.9 (+0.6) log1o CFU/mI] at day
4 post infection (Figures B.2C and B.2D).

Following infection of immunocompetent mice, S. aureus BSI triggers the

development of abscess lesions in many organ systems, which can be visualized in
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hematoxylin-eosin stained thin-sectioned kidney tissues (Cheng et al., 2009). Renal
tissues of mock--treated mice that had been euthanized ten days following BSI with S.
aureus Newman harbored 1-4 lesions that presented with characteristic morphology
(Cheng et al., 2009): a bacterial nidus (designated the staphylococcal abscess
community), surrounded by an eosinophilic pseudocapsule composed of fibrin deposits
and large infiltrates of immune cells (Cheng et al., 2010) (Figure B.2E). Hematoxylin-
eosin stained renal tissues of cyclophosphamide-treated mice harbored >100 small
lesions per kidney that were comprised of large numbers of staphylococcal cells and
surrounded by eosinophilic deposits, likely comprised of fibrin; however, these lesions

did not show immune cell infiltrates (Figure B.2D).

Impact of staphylococcal virulence factors on bloodstream infection in
leukopenic mice

We wondered whether previously characterized S. aureus virulence factors might be
required for the pathogenesis of bloodstream infections in leukopenic mice and
examined three variants with knockout mutations in the hla, coa/vwb and isdA/isdB
genes, respectively. Staphylococcal a-toxin (a-hemolysin) is encoded by the hla gene
(Gray and Kehoe, 1984) and the primary translation product functions as a precursor
that is cleaved by signal peptidase and secreted into the extracellular medium (Bhakdi
et al., 1981). Association of the soluble, monomeric form of Hla with its ADAM10 host
cell receptor triggers oligomerization and membrane pore formation (Wilke and Bubeck

Wardenburg, 2010), causing injury to vascular
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endothelial cells, epithelial cells as well as platelets and cells of the myeloid lineage
(Becker et al., 2014; Inoshima et al., 2011). During bloodstream infection of
immunocompetent mice, the hla mutant of S. aureus Newman displayed reduced
mortality and increased time-to-death (Powers et al., 2012). In contrast, when tested in
leukopenic CD1 mice, no differences in overall mortality or time-to-death were detected
between animals that had been challenged with wild-type or hla mutant S. aureus
Newman (Figure B.3A; P=0.8649).

Coagulase (Coa) and von-Willebrand factor binding protein (vWbp) are also
secreted into the extracellular medium by S. aureus (Bjerketorp et al., 2002; Much,
1908). Both proteins associate with and non-proteolytically activate prothrombin to
convert fibrinogen into fibrin clots (Friedrich et al., 2003), which promotes escape from
phagocytic killing and establishment of abscess lesions in infected tissues via the
formation of a fibrin capsule that restricts access of immune cells to staphylococcal
abscess communities (Cheng et al., 2010). During bloodstream infection of
immunocompetent mice, the coa/vwb mutant displayed delayed time-to-death and
increased survival as compared to wild-type S. aureus Newman (McAdow et al., 2011).
In contrast, during bloodstream infection of leukopenic mice, the coa/vwb mutant
displayed similar mortality and time-to-death as wild-type S. aureus Newman (Figure
B.3B; P=0.5149). Two surface proteins of S. aureus, IsdA and IsdB, contribute to
heme-iron scavenging from host hemoglobin and to passage of the tetrapyrrol moiety
across the bacterial envelope (Haley and Skaar, 2012; Mazmanian et al., 2003). S.
aureus isdAB mutants display a small delay in time-to--death during bloodstream

infections as well as reduced replication in infected tissues (Kim et al., 2010b; Torres et
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al., 2006). During bloodstream infection in leukopenic mice, the S. aureus isdAB mutant

caused similar mortality than the wild-type strain (Figure B.3C; P=0.1356).

Staphylococci require sortase during bloodstream infection in leukopenic mice
Sortase A is a transpeptidase that cleaves the LPXTG sorting signals of surface protein
precursors and links their C-terminal carboxyl group to the peptidoglycan of S. aureus
(Mazmanian et al., 1999; Ton-That et al., 1999). Sortase A mutants (srtA) cannot
anchor any one of eighteen surface proteins of S. aureus Newman to the bacterial
envelope (Mazmanian et al., 2000) and are unable to form abscess lesions or cause
lethal BSI in immunocompetent mice (Cheng et al., 2009; McAdow et al., 2011). When
analyzed during bloodstream infection of leukopenic mice, the srtA mutant displayed a
delayed time-to--death and increased survival as compared to wild-type S. aureus
Newman, indicating that the combined contributions of all surface proteins are required
for staphylococcal disease processes in mice that lack most of their immune cells

(Figure B.3D; P=0.0039).

Contribution of surface protein towards Staphylococcus aureus bloodstream
infection in leukopenic mice

Earlier work had used genetic vaccinology to compare the immune response of
immunocompetent mice infected with wild-type S. aureus and sortase A mutants to
identify antigens that elicit protective immune responses, as infection with the srtA
variant, but not-wild-type staphylococci, triggers protective immunity to recurrent

infection (Kim et al., 2011). Using this technology, a vaccine was derived by combining
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four antigens (CIfA, FnBPB, SdrD and SpAkkaa) that elicited immune responses in
immunocompetent mice and protected animals against challenge with wild-type S.
aureus (Kim et al., 2011). Protein A (SpA) binds immunoglobulins via their Fcy domain
and the Fab heavy chains of V43 clan antibodies, attributes that interfere with
opsonophagocytosis of bacteria and with the development of adaptive B cell responses
(Falugi et al., 2013; Goodyear and Silverman, 2003). The SpAkkaa variant has lost these
functions and, unlike wild-type SpA, elicits neutralizing antibody responses that promote
opsonophagocytic killing of staphylococci and development of B cells to establish
adaptive immune responses (Kim et al., 2010a). CIfA binds to the C-terminal end of the
fibrinogen y-chain (Ganesh et al., 2008; McDevitt et al., 1994), which is also available
for staphylococcal binding during fibrin fiber assembly (McAdow et al., 2011).
Neutralizing antibodies can block CIfA binding to both fibrinogen and fibrin (McAdow et
al., 2011; Patti, 2004). FnBPB binds to fibronectin, elastin and fibrinogen and these
activities promote the pathogenesis of S. aureus BSI (Burke et al., 2011; Jonsson et al.,
1991; Roche et al., 2004; Shinji et al., 2011). The molecular mechanisms whereby SdrD
contributes to S. aureus pathogenesis are currently not known (Cheng et al., 2009).
Here we asked whether any one of these four surface protein genes (clfA, fnbB, sdrD or
spa) contributed to the pathogenesis of S. aureus BSI in leukopenic mice, studying in
pairwise comparison the survival or time-to-death between wild-type and mutant strains.
Of note, none of the four surface protein genes (clfA, fnbB, sdrD or spa) was necessary
for S. aureus BSI associated mortality or was a determinant of time-to--death in
leukopenic mice (Figure B.4; wild type vs. clfA, P=0.1479; wild type vs. fnbB, P=0.1726;

wild type vs. sdrD, P=0.0736; wild type vs. spa, P=0.2330).
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Surface protein vaccine protects leukopenic mice against S. aureus bloodstream
infection
To address the question whether the surface protein vaccine derived via genetic
vaccinology may protect leukopenic mice against S. aureus BSI, we first immunized
immunocompetent CD1 mice with a cocktail of purified recombinant proteins emulsified
in adjuvant, including CIfA, FnBPB, SdrD and SpAkkaa. Animals received a booster
immunization on day 12 and were bled to determine the concentration of serum IgG
against each antigen. Compared to mock (adjuvant alone) immunized mice, animals
that had received the surface protein vaccine, developed specific antibodies against
SpAkkaa, FNBPB, CIfA, SdrC, SdrD and SdrE but not against FnBPA, CIfB and Sbikkaa
(Figure B.5A). These findings can be explained by the high degree of sequence identity
(76%) between the A domain of the serine-aspartate repeat protein family (SdrCDE),
which is lower between the A domains of FnBPA and FnBPB (60%) as well as CIfA and
CIfB (50%). The immunoglobulin binding domains (IgBDs) of SpA display sequence
homology to the N-terminal two IgBDs of Sbi (staphylococcal binder of immunoglobulin -
35% identity), which was also not sufficient to elicit a strong cross--reactive immune
response. As expected, mock immunized animals did not generate antibodies against
staphylococcal surface proteins (Figure B.5A).

Vaccinated mice were treated with cyclophosphamide starting on day 21 and,
once animals were found to be leukopenic, they were challenged on day 27 with 2x10°
CFU S. aureus Newman. Mock immunized animals succumbed to challenge within 1-5

days with a mean time-to-death of 2.5 days. Leukopenic animals that had received the
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surface protein vaccine succumbed more slowly to BSI with a mean time-to-death of 8.5
days (mock vs. vaccine, P<0.0001) (Figure B.5B). To monitor the ability of the surface
protein vaccine to reduce staphylococcal replication, cohorts of 5 animals (mock or
vaccinated) were euthanized 3 hours, 6 hours, 1 day and 3 days post challenge and the
bacterial load in kidney, liver and lung tissues was quantified via CFU enumeration. This
experiment revealed that staphylococci disseminated within 3 hours into organ tissues
(Figure B.6). While the load of S. aureus in liver and lung tissues increased slowly in
mock immunized animals, mice that had received the surface protein vaccine did not
increase their bacterial load in both organ tissues (Fig. 6D; P=0.0119 in liver and
P=0.0195 in lung on day 3 post infection). S. aureus replicated very quickly in renal
tissues and by day 3, 7.4 (£0.8) log1o CFU/ml was enumerated in mock immunized
animals (Figure B.6D).

Leukopenic animals that had received the surface protein vaccine harbored a 2.8 log1o
reduction in bacterial load [4.6 (£0.9) log1o CFU/mI] (Figure B.6D; mock vs. combo 2,
P=0.0556). Thus, immunization with the surface protein vaccine not only extended the
time-to-death of leukopenic animals with S. aureus BSI, the vaccine also limited

staphylococcal replication in infected tissues.

Discussion

Chemotherapy of tumors, premature birth, human immunodeficiency virus (HIV)
infection, leukemia, chronic granulomatous disease (CGD) and other inheritable
diseases cause functional depletion or annihilation of phagocytic cells (Freeman and

Holland, 2009). Unless diagnosed early and treated with antimicrobial prophylaxis,
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such immunodeficiency is associated with significant morbidity and mortality because of
bacterial infection (Freeman and Holland, 2009; Marin et al., 2014). S. aureus is a
frequent cause of morbidity and mortality in individuals with immunodeficiency owing to
its status as a commensal of humans and to the dissemination of antibiotic resistant
MRSA strains (Chambers, 2005; DelLeo et al., 2010). For example, individuals infected
with HIV experience a six-fold higher risk of S. aureus SSTI as compared to healthy
individuals (Popovich et al., 2010).

Cyclophosphamide treatment of animals has been used extensively to induce
leukopenia and examine the preclinical efficacy of antibiotics in immunocompromised
hosts (Craig, 1998; Craig and Andes, 2008; Zuluaga et al., 2006). Cyclophosphamide
induced leukopenia in mice has also been used for the study of ESKAPE pathogens
(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter species), antibiotic-resistant
bacteria most frequently associated with nosocomial infection and therapy failure (Rice,
2008). While most of the work in leukopenic mice focused thus far on studying the
efficacy of antibiotics (Guo et al., 2011; Thompson et al., 2014), progress was also
documented for the development of vaccine and immunotherapeutics to prevent P.
aeruginosa BSI (Cryz et al., 1983; Scarff and Goldberg, 2008; von Specht et al., 1995).
Nevertheless, the development of vaccines that prevent S. aureus BSI in leukopenic
mice was heretofore not investigated. Work on staphylococcal vaccines commenced
more than a century ago (Meakins, 1910).

Preclinical work over several decades indicates that immunization of

immunocompetent mice with purified Hla, Coa, CIfA or IsdB can elicit antigen-specific
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immune responses that protect animals from S. aureus BSI associated mortality
(Bubeck Wardenburg and Schneewind, 2008; Kuklin et al., 2006; Palmqvist et al.,
2004). However, clinical trials with whole-cell killed (Rogers and Melly, 1965) or subunit
vaccines formulated from secreted virulence factors, a-hemolysin (Hla) and coagulase,
did not protect against recurrent SSTI (Harrison, 1963). Immunotherapy with antibodies
neutralizing Hla (Kernodle, 2011; Parish and Cannon, 1960) or CIfA, the fibrinogen
binding surface protein and agglutinin (McAdow et al., 2011; McDevitt et al., 1994), also
did not protect against S. aureus infection (Projan et al., 2006; Weems et al., 2006).
Conjugates of S. aureus type-5/8 capsular polysaccharide (CP5/CP8) with
Pseudomonas exotoxin A raise opsonophagocytic antibodies (Fattom et al., 1990;
Fattom et al., 2004), however the vaccine did not protect hemodialysis patients from S.
aureus infection (Shinefield and Black, 2005). Finally, the clinical trial for V710, the
recombinant IsdB vaccine (Kuklin et al., 2006; Moustafa et al., 2012), was recently
terminated; multiorgan dysfunction and mortality following S. aureus infection occurred
more frequently in individuals receiving V710 than in control cohorts and V710
immunization did not show clinical benefit (Fowler et al., 2013). A key concept
explaining recent failures of human vaccine trials with single staphylococcal antigens is
based on the observation that S. aureus requires many different secreted products to
cause disease (Cheng et al., 2009; Stranger-Jones et al., 2006). If so, vaccine-induced
neutralization of several different virulence factors may be required for the
establishment of protective immunity (DeDent et al., 2012). Further, clinical trials that
examine vaccine or immunotherapeutic efficacy focus on healthcare-related S. aureus

infections in patients at high risk for staphylococcal BSI, which includes for example
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end-stage renal disease with hemodialysis (Shinefield et al., 2002) or very-low-birth-
weight neonates (Weisman, 2007), i.e. populations with at least partial defects in innate
and adaptive immune responses (Shinefield and Black, 2005; Weisman et al., 2011).

Here we used cyclophosphamide-induced leukopenia in mice to ask whether
specific virulence factors/protective antigens contribute to the pathogenesis of S. aureus
BSI. Our results show that the structural genes for several protective antigens - clfA,
coalvwb, fnbB, hla, isdAB, sdrD and spa- are not required for the pathogenesis of
staphylococcal BSI in leukopenic mice. If so, vaccines designed to raise neutralizing
antibodies against any one of these secreted products would not be expected to provide
protection against S. aureus BSI in leukopenic patients. Nevertheless, sortase A (srtA)
mutant S. aureus, which cannot assemble any one of eighteen LPXTG surface proteins
into the bacterial envelope (including CIfA, FnBPB, IsdAB, SdrD and SpA), displayed a
significant decrease in virulence when tested in leukopenic mice.

Earlier work demonstrated that S. aureus infection in mice does not elicit
protective immune responses that prevent subsequent infections with this pathogen
(Burts et al., 2005). This phenotype requires S. aureus expression of SpA, the B cell
superantigen (Falugi et al., 2013). Mice that have been infected with spa mutants
lacking the immunoglobulin binding attributes of SpA elicit antibody responses against
many different antigens and provide protection against subsequent disease (Falugi et
al., 2013). A similar phenotype is observed in mice that have been infected with srtA
mutants (Kim et al., 2011). Linear regression analysis was used to identify the antibody
responses mediating protective immunity against S. aureus (Kim et al., 2011). This

approach, designated genetic vaccinology, identified four surface protein antigens -
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CIfA, FnBPB, SdrD and SpA - as protective antigens (Kim et al., 2011; Kim et al., 2012).
Indeed, when used as a combination vaccine in immunocompetent mice, CIfA, FnBPB,
SdrD and SpAkkaa elicit protective immunity against S. aureus BSI (Kim et al., 2011).
Here we show that the surface protein vaccine - CIfA, FnBPB, SdrD and SpAkkaa -
elicits immune responses that protect leukopenic mice against S. aureus BSI. Of note,
vaccine protection is limited to a delay in time-to-death in these severely
immunocompromised mice. Although increases in survival were not recorded, we
believe the observed protection may have clinical relevance for the following two
reasons. First, chemotherapy of hematologic malignancy rarely diminishes the blood
concentration of neutrophils and macrophages to the same degree as was achieved
here with continued cyclophosphamide treatment of mice. If so, the residual
opsonophagocytic capacities of chemotherapy or leukemia patients may elevate
vaccine-induced protection in this patient population. Second, even the delayed time-
-to-death protection affords clinical opportunities of initiating antibiotic therapies against
S. aureus, which may enable recipients of the surface protein vaccine to survive

BSI.

Acknowledgements

We thank members of our laboratory for helpful discussions. This study was supported
by grants from the National Institute of Allergy and Infectious Diseases, Infectious
Diseases Branch (Al52474, Al75258, and Al92711 to O.S. and D.M.), and by Novartis
Vaccines and Diagnostics (Siena, Italy). P. G. acknowledges support from the Molecular

Cell Biology training grant (GM007183). O.S. and D.M. acknowledge membership within

129



and support from the Region V Great Lakes Regional Center of Excellence in
Biodefense and Emerging Infectious Diseases Consortium (NIH award 1--U54-Al-
057153). H.K. K., D.M., and O.S. declare a conflict of interest as inventors of patent
applications that are related to the development of Staphylococcus aureus

vaccines and are currently under commercial license.

130



Bibliography

Abtin, A., Jain, R., Mitchell, A.J., Roediger, B., Brzoska, A.J., Tikoo, S., Cheng, Q., Ng,
L.G., Cavanagh, L.L., von Andrian, U.H., et al. (2014). Perivascular macrophages
mediate neutrophil recruitment during bacterial skin infection. Nat Immunol 75, 45-53.

Amulic, B., Cazalet, C., Hayes, G.L., Metzler, K.D., and Zychlinsky, A. (2012).
Neutrophil function: from mechanisms to disease. Annu Rev Immunol 30, 459-489.

Baba, T., Bae, T., Schneewind, O., Takeuchi, F., and Hiramatsu, K. (2008). Genome
sequence of Staphylococcus aureus strain Newman and comparative analysis of
staphylococcal genomes: polymorphism and evolution of two major pathogenicity
islands. J Bacteriol 7190, 300-310.

Babior, B.M. (2004). NADPH oxidase. Curr Opin Immunol 716, 42-47.

Baggiolini, M., Walz, A., and Kunkel, S.L. (1989). Neutrophil-activating peptide-
1/interleukin 8, a novel cytokine that activates neutrophils. J Clin Invest 84, 1045-1049.

Bainton, D.F., and Farquhar, M.G. (1968). Differences in enzyme content of azurophil
and specific granules of polymorphonuclear leukocytes. Il. Cytochemistry and electron
microscopy of bone marrow cells. J Cell Biol 39, 299-317.

Bainton, D.F., Miller, L.J., Kishimoto, T.K., and Springer, T.A. (1987). Leukocyte
adhesion receptors are stored in peroxidase-negative granules of human neutrophils. J
Exp Med 166, 1641-1653.

Bardoel, B.W., and Strijp, J.A. (2011). Molecular battle between host and bacterium:
recognition in innate immunity. J Mol Recognit 24, 1077-1086.

Bartlett, A.H., Foster, T.J., Hayashida, A., and Park, P.W. (2008). Alpha-toxin facilitates
the generation of CXC chemokine gradients and stimulates neutrophil homing in
Staphylococcus aureus pneumonia. J Infect Dis 798, 1529-1535.

Bazan, J.F. (1990). Structural design and molecular evolution of a cytokine receptor
superfamily. Proc Natl Acad Sci U S A 87, 6934-6938.

Bazzoni, F., Tamassia, N., Rossato, M., and Cassatella, M.A. (2010). Understanding
the molecular mechanisms of the multifaceted |IL-10-mediated anti-inflammatory
response: lessons from neutrophils. Eur J Immunol 40, 2360-2368.

Bech, R., Jalilian, B., Agger, R., Iversen, L., Erlandsen, M., Otkjaer, K., Johansen, C.,

Paludan, S.R., Rosenberg, C.A., Kragballe, K., et al. (2016). Interleukin 20 regulates
dendritic cell migration and expression of co-stimulatory molecules. Mol Cell Ther 4, 1.

131



Becker, R.E., Berube, B.J., Sampedro, G.R., DeDent, A.C., and Bubeck Wardenburg, J.
(2014). Tissue-specific patterning of host innate immune responses by Staphylococcus
aureus alpha-toxin. J Innate Immun 6, 619-631.

Berger, M., O'Shea, J., Cross, A.S., Folks, T.M., Chused, T.M., Brown, E.J., and Frank,
M. (1984). Human neutrophils increase expression of C3bi as well as C3b receptors
upon activation. Journal of Clinical Investigation 74, 1566.

Betsuyaku, T., Nishimura, M., Takeyabu, K., Tanino, M., Venge, P., Xu, S., and
Kawakami, Y. (1999). Neutrophil granule proteins in bronchoalveolar lavage fluid from
subjects with subclinical emphysema. Am J Respir Crit Care Med 159, 1985-1991.

Bhakdi, S., Fussle, R., and Tranum-Jensen, J. (1981). Staphylococcal alpha-toxin:
oligomerization of hydrophilic monomers to form amphiphilic hexamers induced through
contact with deoxycholate detergent micelles. Proc Natl Acad Sci U S A 78, 5475-5479.

Bishop, J.F., Schimpff, S.C., Diggs, C.H., and Wiernik, P.H. (1981). Infections during
intensive chemotherapy for non-Hodgkin's lymphoma. Ann Intern Med 95, 549-555.

Bjerketorp, J., Nilsson, M., Ljungh, A., Flock, J.l., Jacobsson, K., and Frykberg, L.
(2002). A novel von Willebrand factor binding protein expressed by Staphylococcus
aureus. Microbiology 748, 2037-2044.

Blumberg, H., Conklin, D., Xu, W.F., Grossmann, A., Brender, T., Carollo, S., Eagan,
M., Foster, D., Haldeman, B.A., Hammond, A., et al. (2001). Interleukin 20: discovery,
receptor identification, and role in epidermal function. Cell 704, 9-19.

Borregaard, N., Miller, L.J., and Springer, T.A. (1987). Chemoattractant-regulated
mobilization of a novel intracellular compartment in human neutrophils. Science 237,
1204-1206.

Borregaard, N., Sorensen, O.E., and Theilgaard-Monch, K. (2007). Neutrophil granules:
a library of innate immunity proteins. Trends Immunol 28, 340-345.

Brinkmann, V., Reichard, U., Goosmann, C., Fauler, B., Uhlemann, Y., Weiss, D.S.,
Weinrauch, Y., and Zychlinsky, A. (2004). Neutrophil extracellular traps kill bacteria.
Science 303, 1532-1535.

Brinkmann, V., and Zychlinsky, A. (2007). Beneficial suicide: why neutrophils die to
make NETs. Nat Rev Microbiol 5, 577-582.

Brinkmann, V., and Zychlinsky, A. (2012). Neutrophil extracellular traps: is immunity the
second function of chromatin? J Cell Biol 798, 773-783.

132



Brown, A.F., Leech, J.M., Rogers, T.R., and McLoughlin, R.M. (2014). Staphylococcus
aureus Colonization: Modulation of Host Immune Response and Impact on Human
Vaccine Design. Front Immunol 4, 507.

Brumell, J.H., Volchuk, A., Sengelov, H., Borregaard, N., Cieutat, A.M., Bainton, D.F.,
Grinstein, S., and Klip, A. (1995). Subcellular distribution of docking/fusion proteins in
neutrophils, secretory cells with multiple exocytic compartments. J Immunol 155, 5750-
5759.

Bubeck Wardenburg, J., and Schneewind, O. (2008). Vaccine protection against
Staphylococcus aureus pneumonia. J Exp Med 205, 287-294.

Buckley, C.D., Gilroy, D.W., and Serhan, C.N. (2014). Proresolving lipid mediators and
mechanisms in the resolution of acute inflammation. Immunity 40, 315-327.

Burke, F.M., Di Poto, A., Speziale, P., and Foster, T.J. (2011). The A domain of
fibronectin-binding protein B of Staphylococcus aureus contains a novel fibronectin
binding site. Febs j 278, 2359-2371.

Burts, M.L., Williams, W.A., DeBord, K., and Missiakas, D.M. (2005). EsxA and EsxB
are secreted by an ESAT-6-like system that is required for the pathogenesis of
Staphylococcus aureus infections. Proc Natl Acad Sci U S A 102, 1169-1174.

Cara, D.C., Kaur, J., Forster, M., McCafferty, D.M., and Kubes, P. (2001). Role of p38
mitogen-activated protein kinase in chemokine-induced emigration and chemotaxis in
vivo. J Immunol 767, 6552-6558.

Casanova, J.L., Holland, S.M., and Notarangelo, L.D. (2012). Inborn errors of human
JAKs and STATs. Immunity 36, 515-528.

Castellano, F., Chavrier, P., and Caron, E. (2001). Actin dynamics during phagocytosis.
Semin Immunol 73, 347-355.

Chakrabarti, S., Zee, J.M., and Patel, K.D. (2006). Regulation of matrix
metalloproteinase-9 (MMP-9) in TNF-stimulated neutrophils: novel pathways for tertiary
granule release. J Leukoc Biol 79, 214-222.

Chambers, H.F. (2005). Community-associated MRSA--resistance and virulence
converge. N Engl J Med 352, 1485-1487.

Chemaly, R.F., Hachem, R.Y., Husni, R.N., Bahna, B., Abou Rjaili, G., Waked, A.,
Graviss, L., Nebiyou Bekele, B., Shah, J.N., and Raad, Il (2010). Characteristics and
outcomes of methicillin-resistant Staphylococcus aureus surgical-site infections in
patients with cancer: a case-control study. Ann Surg Oncol 17, 1499-1506.

133



Cheng, A.G., Kim, H.K., Burts, M.L., Krausz, T., Schneewind, O., and Missiakas, D.M.
(2009). Genetic requirements for Staphylococcus aureus abscess formation and
persistence in host tissues. Faseb j 23, 3393-3404.

Cheng, A.G., McAdow, M., Kim, H.K., Bae, T., Missiakas, D.M., and Schneewind, O.
(2010). Contribution of coagulases towards Staphylococcus aureus disease and
protective immunity. PLoS Pathog 6, e1001036.

Cho, J.S., Guo, Y., Ramos, R.l., Hebroni, F., Plaisier, S.B., Xuan, C., Granick, J.L.,
Matsushima, H., Takashima, A., lwakura, Y., et al. (2012). Neutrophil-derived IL-1beta
is sufficient for abscess formation in immunity against Staphylococcus aureus in mice.
PLoS Pathog 8, e1003047.

Cho, J.S., Pietras, E.M., Garcia, N.C., Ramos, R.l., Farzam, D.M., Monroe, H.R.,
Magorien, J.E., Blauvelt, A., Kolls, J.K., Cheung, A.L., et al. (2010). IL-17 is essential for
host defense against cutaneous Staphylococcus aureus infection in mice. J Clin Invest
120, 1762-1773.

Choi, S.M., McAleer, J.P., Zheng, M., Pociask, D.A., Kaplan, M.H., Qin, S., Reinhart,
T.A., and Kolls, J.K. (2013). Innate Stat3-mediated induction of the antimicrobial protein
Reg3gamma is required for host defense against MRSA pneumonia. J Exp Med 210,
551-561.

Cohen, J. (2002). The immunopathogenesis of sepsis. Nature 420, 885-891.

Colditz, I., Zwahlen, R., Dewald, B., and Baggiolini, M. (1989). In vivo inflammatory
activity of neutrophil-activating factor, a novel chemotactic peptide derived from human
monocytes. Am J Pathol 734, 755-760.

Commins, S., Steinke, J.W., and Borish, L. (2008). The extended IL-10 superfamily: IL-
10, IL-19, IL-20, IL-22, IL-24, IL-26, IL-28, and IL-29. J Allergy Clin Immunol 727, 1108-
1111.

Costantini, C., and Cassatella, M.A. (2011). The defensive alliance between neutrophils
and NK cells as a novel arm of innate immunity. J Leukoc Biol 89, 221-233.

Cowland, J.B., and Borregaard, N. (2016). Granulopoiesis and granules of human
neutrophils. Immunol Rev 273, 11-28.

Craig, W.A. (1998). Pharmacokinetic/pharmacodynamic parameters: rationale for
antibacterial dosing of mice and men. Clin Infect Dis 26, 1-10; quiz 11-12.

Craig, W.A., and Andes, D.R. (2008). In vivo pharmacodynamics of ceftobiprole against

multiple bacterial pathogens in murine thigh and lung infection models. Antimicrob
Agents Chemother 52, 3492-3496.

134



Cryz, S.J., Jr., Furer, E., and Germanier, R. (1983). Passive protection against
Pseudomonas aeruginosa infection in an experimental leukopenic mouse model. Infect
Immun 40, 659-664.

Curnutte, J.T., Whitten, D.M., and Babior, B.M. (1974). Defective superoxide production
by granulocytes from patients with chronic granulomatous disease. N Engl J Med 290,
593-597.

Daniels, R.H., Finnen, M.J., Hill, M.E., and Lackie, J.M. (1992). Recombinant human
monocyte IL-8 primes NADPH-oxidase and phospholipase A2 activation in human
neutrophils. Immunology 75, 157-163.

Dantes, R., Mu, Y., Belflower, R., Aragon, D., Dumyati, G., Harrison, L.H., Lessa, F.C.,
Lynfield, R., Nadle, J., Petit, S., et al. (2013). National burden of invasive methicillin-
resistant Staphylococcus aureus infections, United States, 2011. JAMA Intern Med 173,
1970-1978.

Dapino, P., Dallegri, F., Ottonello, L., and Sacchetti, C. (1993). Induction of neutrophil
respiratory burst by tumour necrosis factor-alpha; priming effect of solid-phase
fibronectin and intervention of CD11b-CD18 integrins. Clin Exp Immunol 94, 533-538.

Daum, R.S. (2007). Clinical practice. Skin and soft-tissue infections caused by
methicillin-resistant Staphylococcus aureus. N Engl J Med 357, 380-390.

Daum, R.S., and Spellberg, B. (2012). Progress toward a Staphylococcus aureus
vaccine. Clin Infect Dis 54, 560-567.

David, M.Z., and Daum, R.S. (2010). Community-associated methicillin-resistant
Staphylococcus aureus: epidemiology and clinical consequences of an emerging
epidemic. Clin Microbiol Rev 23, 616-687.

de Oliveira, S., Rosowski, E.E., and Huttenlocher, A. (2016). Neutrophil migration in
infection and wound repair: going forward in reverse. Nat Rev Immunol 76, 378-391.

Decleva, E., Menegazzi, R., Busetto, S., Patriarca, P., and Dri, P. (2006). Common
methodology is inadequate for studies on the microbicidal activity of neutrophils. J
Leukoc Biol 79, 87-94.

DeDent, A., Kim, H.K., Missiakas, D., and Schneewind, O. (2012). Exploring
Staphylococcus aureus pathways to disease for vaccine development. Semin
Immunopathol 34, 317-333.

Delclaux, C., Delacourt, C., D'Ortho, M.P., Boyer, V., Lafuma, C., and Harf, A. (1996).

Role of gelatinase B and elastase in human polymorphonuclear neutrophil migration
across basement membrane. Am J Respir Cell Mol Biol 74, 288-295.

135



DelLeo, F.R., Otto, M., Kreiswirth, B.N., and Chambers, H.F. (2010). Community-
associated meticillin-resistant Staphylococcus aureus. Lancet 375, 1557-1568.

Detmers, P.A., Lo, S., Olsen-Egbert, E., Walz, A., Baggiolini, M., and Cohn, Z.A. (1990).
Neutrophil-activating protein 1/interleukin 8 stimulates the binding activity of the
leukocyte adhesion receptor CD11b/CD18 on human neutrophils. J Exp Med 171, 1155-
1162.

Dewas, C., Dang, P.M., Gougerot-Pocidalo, M.A., and El-Benna, J. (2003). TNF-alpha
induces phosphorylation of p47(phox) in human neutrophils: partial phosphorylation of
p47phox is a common event of priming of human neutrophils by TNF-alpha and
granulocyte-macrophage colony-stimulating factor. J Immunol 171, 4392-4398.

Diep, B.A., Chan, L., Tattevin, P., Kajikawa, O., Martin, T.R., Basuino, L., Mai, T.T.,
Marbach, H., Braughton, K.R., Whitney, A.R., et al. (2010). Polymorphonuclear
leukocytes mediate Staphylococcus aureus Panton-Valentine leukocidin-induced lung
inflammation and injury. Proc Natl Acad Sci U S A 7107, 5587-5592.

Downey, G.P., Chan, C.K,, Trudel, S., and Grinstein, S. (1990). Actin assembly in
electropermeabilized neutrophils: role of intracellular calcium. J Cell Biol 770, 1975-
1982.

Dumoutier, L., Leemans, C., Lejeune, D., Kotenko, S.V., and Renauld, J.C. (2001).
Cutting edge: STAT activation by IL-19, IL-20 and mda-7 through IL-20 receptor
complexes of two types. J Immunol 167, 3545-3549.

Duthie, E.S., and Lorenz, L.L. (1952). Staphylococcal coagulase; mode of action and
antigenicity. J Gen Microbiol 6, 95-107.

Eisenhauer, P.B., and Lehrer, R.I. (1992). Mouse neutrophils lack defensins. Infect
Immun 60, 3446-3447.

El Kebir, D., and Filep, J.G. (2013). Modulation of Neutrophil Apoptosis and the
Resolution of Inflammation through beta2 Integrins. Front Immunol 4, 60.

El-Benna, J., Dang, P.M., and Gougerot-Pocidalo, M.A. (2008). Priming of the
neutrophil NADPH oxidase activation: role of p47phox phosphorylation and NOX2
mobilization to the plasma membrane. Semin Immunopathol 30, 279-289.

Emadi, A., Jones, R.J., and Brodsky, R.A. (2009). Cyclophosphamide and cancer:
golden anniversary. Nature reviews Clinical oncology 6, 638-647.

Falugi, F., Kim, H.K., Missiakas, D.M., and Schneewind, O. (2013). Role of protein A in

the evasion of host adaptive immune responses by Staphylococcus aureus. MBio 4,
e00575-00513.

136



Fattom, A., Schneerson, R., Szu, S.C., Vann, W.F., Shiloach, J., Karakawa, W.W., and
Robbins, J.B. (1990). Synthesis and immunologic properties in mice of vaccines
composed of Staphylococcus aureus type 5 and type 8 capsular polysaccharides
conjugated to Pseudomonas aeruginosa exotoxin A. Infect Immun 58, 2367-2374.

Fattom, A.l., Horwith, G., Fuller, S., Propst, M., and Naso, R. (2004). Development of
StaphVAX, a polysaccharide conjugate vaccine against S. aureus infection: from the lab
bench to phase Il clinical trials. Vaccine 22, 880-887.

Ferracini, M., Rios, F.J., Pecenin, M., and Jancar, S. (2013). Clearance of apoptotic
cells by macrophages induces regulatory phenotype and involves stimulation of CD36
and platelet-activating factor receptor. Mediators Inflamm 20713, 950273.

Ferrante, A., Martin, A.J., Bates, E.J., Goh, D.H., Harvey, D.P., Parsons, D., Rathjen,
D.A., Russ, G., and Dayer, J.M. (1993). Killing of Staphylococcus aureus by tumor
necrosis factor-alpha-activated neutrophils. The role of serum opsonins, integrin
receptors, respiratory burst, and degranulation. J Immunol 157, 4821-4828.

Fiorentino, D.F., Bond, M.W., and Mosmann, T.R. (1989). Two types of mouse T helper
cell. IV. Th2 clones secrete a factor that inhibits cytokine production by Th1 clones. J
Exp Med 170, 2081-2095.

Foster, T.J. (2005). Immune evasion by staphylococci. Nat Rev Microbiol 3, 948-958.

Fournier, B. (2012). The function of TLR2 during staphylococcal diseases. Front Cell
Infect Microbiol 2, 167.

Fournier, B., and Philpott, D.J. (2005). Recognition of Staphylococcus aureus by the
innate immune system. Clin Microbiol Rev 18, 521-540.

Fowler, V.G., Allen, K.B., Moreira, E.D., Moustafa, M., Isgro, F., Boucher, HW., Corey,
G.R., Carmeli, Y., Betts, R., Hartzel, J.S., et al. (2013). Effect of an investigational
vaccine for preventing Staphylococcus aureus infections after cardiothoracic surgery: a
randomized trial. Jama 309, 1368-1378.

Fowler, V.G., Jr., and Proctor, R.A. (2014). Where does a Staphylococcus aureus
vaccine stand? Clin Microbiol Infect 20 Suppl 5, 66-75.

Freeman, A.F., and Holland, S.M. (2008). The hyper-IgE syndromes. Immunol Allergy
Clin North Am 28, 277-291, viii.

Freeman, A.F., and Holland, S.M. (2009). Antimicrobial prophylaxis for primary
immunodeficiencies. Curr Opin Allergy Clin Immunol 9, 525-530.

Friedrich, R., Panizzi, P., Fuentes-Prior, P., Richter, K., Verhamme, |., Anderson, P.J.,
Kawabata, S., Huber, R., Bode, W., and Bock, P.E. (2003). Staphylocoagulase is a

137



prototype for the mechanism of cofactor-induced zymogen activation. Nature 425, 535-
539.

Fuchs, T.A., Abed, U., Goosmann, C., Hurwitz, R., Schulze, I., Wahn, V., Weinrauch,
Y., Brinkmann, V., and Zychlinsky, A. (2007). Novel cell death program leads to
neutrophil extracellular traps. J Cell Biol 176, 231-241.

Ganesh, V.K., Rivera, J.J., Smeds, E., Ko, Y.P., Bowden, M.G., Wann, E.R,,
Gurusiddappa, S., Fitzgerald, J.R., and Hook, M. (2008). A structural model of the
Staphylococcus aureus CIfA-fibrinogen interaction opens new avenues for the design of
anti-staphylococcal therapeutics. PLoS Pathog 4, e1000226.

Gonzalez-Barca, E., Carratala, J., Mykietiuk, A., Fernandez-Sevilla, A., and Gudiol, F.
(2001). Predisposing factors and outcome of Staphylococcus aureus bacteremia in
neutropenic patients with cancer. Eur J Clin Microbiol Infect Dis 20, 117-119.

Goodyear, C.S., and Silverman, G.J. (2003). Death by a B cell superantigen: In vivo
VH-targeted apoptotic supraclonal B cell deletion by a Staphylococcal Toxin. J Exp Med
197, 1125-1139.

Gray, G.S., and Kehoe, M. (1984). Primary sequence of the alpha-toxin gene from
Staphylococcus aureus wood 46. Infect Immun 46, 615-618.

Griffith, D.C., Rodriguez, D., Corcoran, E., and Dudley, M.N. (2008).
Pharmacodynamics of RWJ-54428 against Staphylococcus aureus, Streptococcus
pneumoniae, and Enterococcus faecalis in a neutropenic mouse thigh infection model.
Antimicrobial agents and chemotherapy 52, 244-247.

Guo, B., Abdelraouf, K., Ledesma, K.R., Chang, K.T., Nikolaou, M., and Tam, V.H.
(2011). Quantitative impact of neutrophils on bacterial clearance in a murine pneumonia
model. Antimicrob Agents Chemother 55, 4601-4605.

Haley, K.P., and Skaar, E.P. (2012). A battle for iron: host sequestration and
Staphylococcus aureus acquisition. Microbes Infect 74, 217-227.

Haley, P.J. (2003). Species differences in the structure and function of the immune
system. Toxicology 188, 49-71.

Hammer, T., Tritsaris, K., Hubschmann, M.V., Gibson, J., Nisato, R.E., Pepper, M.S.,
and Dissing, S. (2009). IL-20 activates human lymphatic endothelial cells causing cell
signalling and tube formation. Microvasc Res 78, 25-32.

Hammond, M.E., Lapointe, G.R., Feucht, P.H., Hilt, S., Gallegos, C.A., Gordon, C.A.,

Giedlin, M.A., Mullenbach, G., and Tekamp-Olson, P. (1995). IL-8 induces neutrophil
chemotaxis predominantly via type | IL-8 receptors. J Immunol 7155, 1428-1433.

138



Harrison, K.J. (1963). Clinical trial of coagulase and alpha-haemolysin toxoids in chronic
furunculosis. Br Med J 2, 149-152.

Heit, B., Tavener, S., Raharjo, E., and Kubes, P. (2002). An intracellular signaling
hierarchy determines direction of migration in opposing chemotactic gradients. J Cell
Biol 759, 91-102.

Hong, J.S., Greenlee, K.J., Pitchumani, R., Lee, S.H., Song, L.Z., Shan, M., Chang,
S.H., Park, P.W., Dong, C., Werb, Z., et al. (2011). Dual protective mechanisms of
matrix metalloproteinases 2 and 9 in immune defense against Streptococcus
pneumoniae. J Immunol 786, 6427-6436.

Hoogerwerf, J.J., de Vos, A.F., Bresser, P., van der Zee, J.S., Pater, J.M., de Boer, A.,
Tanck, M., Lundell, D.L., Her-denh, C., Draing, C., et al. (2008). Lung inflammation
induced by lipoteichoic acid or lipopolysaccharide in humans. Am J Respir Crit Care
Med 178, 34-41.

Hsing, C.H., Ho, C.L., Chang, L.Y., Lee, Y.L., Chuang, S.S., and Chang, M.S. (2006).
Tissue microarray analysis of interleukin-20 expression. Cytokine 35, 44-52.

Hsu, Y.H., and Chang, M.S. (2015). IL-20 in rheumatoid arthritis. Drug Discov Today.

Hsu, Y.H., Li, H.H., Hsieh, M.Y, Liu, M.F., Huang, K.Y., Chin, L.S., Chen, P.C., Cheng,
H.H., and Chang, M.S. (2006). Function of interleukin-20 as a proinflammatory molecule
in rheumatoid and experimental arthritis. Arthritis Rheum 54, 2722-2733.

Huang, C., Jacobson, K., and Schaller, M.D. (2004). MAP kinases and cell migration. J
Cell Sci 117, 4619-4628.

Hutchins, A.P., Diez, D., and Miranda-Saavedra, D. (2013). The IL-10/STAT3-mediated
anti-inflammatory response: recent developments and future challenges. Brief Funct
Genomics 12, 489-498.

Inoshima, I., Inoshima, N., Wilke, G.A., Powers, M.E., Frank, K.M., Wang, Y., and
Bubeck Wardenburg, J. (2011). A Staphylococcus aureus pore-forming toxin subverts
the activity of ADAM10 to cause lethal infection in mice. Nat Med 717, 1310-1314.

Insall, R.H., and Machesky, L.M. (2009). Actin dynamics at the leading edge: from
simple machinery to complex networks. Dev Cell 17, 310-322.

Ishigame, H., Kakuta, S., Nagai, T., Kadoki, M., Nambu, A., Komiyama, Y., Fujikado, N.,
Tanahashi, Y., Akitsu, A., Kotaki, H., et al. (2009). Differential roles of interleukin-17A
and -17F in host defense against mucoepithelial bacterial infection and allergic
responses. Immunity 30, 108-119.

139



Itoh, S., Hamada, E., Kamoshida, G., Takeshita, K., Oku, T., and Tsuji, T. (2010).
Staphylococcal superantigen-like protein 5 inhibits matrix metalloproteinase 9 from
human neutrophils. Infect Immun 78, 3298-3305.

lwasaki, A., and Medzhitov, R. (2004). Toll-like receptor control of the adaptive immune
responses. Nat Immunol 5, 987-995.

lwasaki, A., and Medzhitov, R. (2010). Regulation of adaptive immunity by the innate
immune system. Science 327, 291-295.

Janeway, C.A., Jr., and Medzhitov, R. (2002). Innate immune recognition. Annu Rev
Immunol 20, 197-216.

Jann, N.J., Schmaler, M., Ferracin, F., and Landmann, R. (2011). TLR2 enhances
NADPH oxidase activity and killing of Staphylococcus aureus by PMN. Immunol Lett
135, 17-23.

Jog, N.R., Rane, M.J., Lominadze, G., Luerman, G.C., Ward, R.A., and McLeish, K.R.
(2007). The actin cytoskeleton regulates exocytosis of all neutrophil granule subsets.
Am J Physiol Cell Physiol 292, C1690-1700.

Johansson, A., Jesaitis, A.J., Lundqvist, H., Magnusson, K.E., Sjolin, C., Karlsson, A.,
and Dahlgren, C. (1995). Different subcellular localization of cytochrome b and the
dormant NADPH-oxidase in neutrophils and macrophages: effect on the production of
reactive oxygen species during phagocytosis. Cell Immunol 767, 61-71.

Jones, H.R., Robb, C.T., Perretti, M., and Rossi, A.G. (2016). The role of neutrophils in
inflammation resolution. Semin Immunol 28, 137-145.

Jonsson, K., Signas, C., Muller, H.P., and Lindberg, M. (1991). Two different genes
encode fibronectin binding proteins in Staphylococcus aureus. The complete nucleotide
sequence and characterization of the second gene. Eur J Biochem 202, 1041-1048.

Kallen, AJ., Mu, Y., Bulens, S., Reingold, A., Petit, S., Gershman, K., Ray, S.M.,
Harrison, L.H., Lynfield, R., and Dumyati, G. (2010). Health care—associated invasive
MRSA infections, 2005-2008. Jama 304, 641-647.

Kao, C.Y., Chen, Y., Thai, P., Wachi, S., Huang, F., Kim, C., Harper, R.W., and Wu, R.
(2004). IL-17 markedly up-regulates beta-defensin-2 expression in human airway
epithelium via JAK and NF-kappaB signaling pathways. J Immunol 173, 3482-3491.

Kaplan, D.H. (2013). The IL-20 cytokine subfamily: bad guys in host defense? Nat
Immunol 14, 774-775.

Karlsson, A., and Dahlgren, C. (2002). Assembly and activation of the neutrophil
NADPH oxidase in granule membranes. Antioxid Redox Signal 4, 49-60.

140



Ke, Y., Reddel, R.R., Gerwin, B.l., Miyashita, M., McMenamin, M., Lechner, J.F., and
Harris, C.C. (1988). Human bronchial epithelial cells with integrated SV40 virus T
antigen genes retain the ability to undergo squamous differentiation. Differentiation 38,
60-66.

Kernodle, D.S. (2011). Expectations regarding vaccines and immune therapies directed
against Staphylococcus aureus alpha-hemolysin. J Infect Dis 203, 1692-1693; author
reply 1693-1694.

Kielland, A., Blom, T., Nandakumar, K.S., Holmdahl, R., Blomhoff, R., and Carlsen, H.
(2009). In vivo imaging of reactive oxygen and nitrogen species in inflammation using
the luminescent probe L-012. Free Radic Biol Med 47, 760-766.

Kim, H.K., Cheng, A.G., Kim, H.Y., Missiakas, D.M., and Schneewind, O. (2010a).
Nontoxigenic protein A vaccine for methicillin-resistant Staphylococcus aureus
infections in mice. J Exp Med 207, 1863-1870.

Kim, H.K., DeDent, A., Cheng, A.G., McAdow, M., Bagnoli, F., Missiakas, D.M., and
Schneewind, O. (2010b). IsdA and IsdB antibodies protect mice against Staphylococcus
aureus abscess formation and lethal challenge. Vaccine 28, 6382-6392.

Kim, H.K., Kim, H.Y., Schneewind, O., and Missiakas, D. (2011). Identifying protective
antigens of Staphylococcus aureus, a pathogen that suppresses host immune
responses. Faseb j 25, 3605-3612.

Kim, H.K., Missiakas, D., and Schneewind, O. (2014). Mouse models for infectious
diseases caused by Staphylococcus aureus. J Immunol Methods 470, 88-99.

Kim, H.K., Thammavongsa, V., Schneewind, O., and Missiakas, D. (2012). Recurrent
infections and immune evasion strategies of Staphylococcus aureus. Curr Opin
Microbiol 15, 92-99.

Kinnula, V.L., Yankaskas, J.R., Chang, L., Virtanen, I., Linnala, A., Kang, B.H., and
Crapo, J.D. (1994). Primary and immortalized (BEAS 2B) human bronchial epithelial
cells have significant antioxidative capacity in vitro. Am J Respir Cell Mol Biol 77, 568-
576.

Kjeldsen, L., Bainton, D.F., Sengelov, H., and Borregaard, N. (1993). Structural and
functional heterogeneity among peroxidase-negative granules in human neutrophils:
identification of a distinct gelatinase-containing granule subset by combined
immunocytochemistry and subcellular fractionation. Blood 82, 3183-3191.

Kjeldsen, L., Bjerrum, O.W., Askaa, J., and Borregaard, N. (1992). Subcellular

localization and release of human neutrophil gelatinase, confirming the existence of
separate gelatinase-containing granules. Biochem J 287 ( Pt 2), 603-610.

141



Klevens, R.M., Morrison, M.A., Nadle, J., Petit, S., Gershman, K., Ray, S., Harrison,
L.H., Lynfield, R., Dumyati, G., Townes, J.M., et al. (2007). Invasive methicillin-resistant
Staphylococcus aureus infections in the United States. Jama 298, 1763-1771.

Kolaczkowska, E., and Kubes, P. (2013). Neutrophil recruitment and function in health
and inflammation. Nat Rev Immunol 13, 159-175.

Kotenko, S.V., and Pestka, S. (2000). Jak-Stat signal transduction pathway through the
eyes of cytokine class Il receptor complexes. Oncogene 19, 2557-2565.

Koymans, K.J., Bisschop, A., Vughs, M.M., van Kessel, K.P., de Haas, C.J., and van
Strijp, J.A. (2016). Staphylococcal Superantigen-Like Protein 1 and 5 (SSL1 &amp;
SSL5) Limit Neutrophil Chemotaxis and Migration through MMP-Inhibition. Int J Mol Sci
17.

Kragstrup, T.W., Andersen, T., Holm, C., Schiottz-Christensen, B., Jurik, A.G., Hvid, M.,
and Deleuran, B. (2015). Toll-like receptor 2 and 4 induced interleukin-19 dampens
immune reactions and associates inversely with spondyloarthritis disease activity. Clin
Exp Immunol 780, 233-242.

Kragstrup, T.W., Otkjaer, K., Holm, C., Jorgensen, A., Hokland, M., Iversen, L., and
Deleuran, B. (2008). The expression of IL-20 and |IL-24 and their shared receptors are
increased in rheumatoid arthritis and spondyloarthropathy. Cytokine 47, 16-23.

Kredel, S., Wolff, M., Gierschik, P., and Heilker, R. (2014). Phenotypic analysis of
chemokine-driven actin reorganization in primary human neutrophils. Assay Drug Dev
Technol 712, 120-128.

Kudva, A., Scheller, E.V., Robinson, K.M., Crowe, C.R., Choi, S.M.,, Slight, S.R.,
Khader, S.A., Dubin, P.J., Enelow, R.I., Kolls, J.K., et al. (2011). Influenza A inhibits
Th17-mediated host defense against bacterial pneumonia in mice. J Immunol 786,
1666-1674.

Kuehnert, M.J., Kruszon-Moran, D., Hill, H.A., McQuillan, G., McAllister, S.K., Fosheim,
G., McDougal, L.K., Chaitram, J., Jensen, B., Fridkin, S.K., et al. (2006). Prevalence of
Staphylococcus aureus nasal colonization in the United States, 2001-2002. J Infect Dis
193, 172-179.

Kuklin, N.A., Clark, D.J., Secore, S., Cook, J., Cope, L.D., McNeely, T., Noble, L.,
Brown, M.J., Zorman, J.K., Wang, X.M., et al. (2006). A novel Staphylococcus aureus
vaccine: iron surface determinant B induces rapid antibody responses in rhesus
macaques and specific increased survival in a murine S. aureus sepsis model. Infect
Immun 74, 2215-2223.

142



Kunz, S., Wolk, K., Witte, E., Witte, K., Doecke, W.D., Volk, H.D., Sterry, W., Asadullah,
K., and Sabat, R. (2006). Interleukin (IL)-19, IL-20 and IL-24 are produced by and act on
keratinocytes and are distinct from classical ILs. Exp Dermatol 75, 991-1004.

Kutsuna, H., Suzuki, K., Kamata, N., Kato, T., Hato, F., Mizuno, K., Kobayashi, H., Ishii,
M., and Kitagawa, S. (2004). Actin reorganization and morphological changes in human
neutrophils stimulated by TNF, GM-CSF, and G-CSF: the role of MAP kinases. Am J
Physiol Cell Physiol 286, C55-64.

Lacy, P., and Eitzen, G. (2008). Control of granule exocytosis in neutrophils. Front
Biosci 13, 5559-5570.

Le Cabec, V., Cowland, J.B., Calafat, J., and Borregaard, N. (1996). Targeting of
proteins to granule subsets is determined by timing and not by sorting: The specific
granule protein NGAL is localized to azurophil granules when expressed in HL-60 cells.
Proc Natl Acad Sci U S A 93, 6454-6457.

Lee, M.H., Arrecubieta, C., Martin, F.J., Prince, A., Borczuk, A.C., and Lowy, F.D.
(2010). A postinfluenza model of Staphylococcus aureus pneumonia. J Infect Dis 2017,
508-515.

Lee, W.L., Harrison, R.E., and Grinstein, S. (2003). Phagocytosis by neutrophils.
Microbes Infect 5, 1299-1306.

Lehotzky, R.E., Partch, C.L., Mukherjee, S., Cash, H.L., Goldman, W.E., Gardner, K.H.,
and Hooper, L.V. (2010). Molecular basis for peptidoglycan recognition by a bactericidal
lectin. Proc Natl Acad Sci U S A 107, 7722-7727.

Leng, R.X., Pan, H.F., Tao, J.H., and Ye, D.Q. (2011). IL-19, IL-20 and |L-24: potential
therapeutic targets for autoimmune diseases. Expert Opin Ther Targets 15, 119-126.

Lessa, F.C., Mu, Y., Davies, J., Murray, M., Lillie, M., Pearson, A., and Fridkin, S.K.
(2010). Comparison of incidence of bloodstream infection with methicillin-resistant
Staphylococcus aureus between England and United States, 2006—2007. Clinical
Infectious Diseases 57, 925-928.

Lew, P.D., Monod, A., Waldvogel, F.A., Dewald, B., Baggiolini, M., and Pozzan, T.
(1986). Quantitative analysis of the cytosolic free calcium dependency of exocytosis
from three subcellular compartments in intact human neutrophils. J Cell Biol 102, 2197-
2204.

Ley, K., Laudanna, C., Cybulsky, M.l., and Nourshargh, S. (2007). Getting to the site of
inflammation: the leukocyte adhesion cascade updated. Nat Rev Immunol 7, 678-689.

Leyden, J.J., Marples, R.R., and Kligman, A.M. (1974). Staphylococcus aureus in the
lesions of atopic dermatitis. Br J Dermatol 90, 525-530.

143



Li, Y., Karlin, A., Loike, J.D., and Silverstein, S.C. (2002). A critical concentration of
neutrophils is required for effective bacterial killing in suspension. Proc Natl Acad Sci U
S A 99, 8289-8294.

Li, Y., Karlin, A., Loike, J.D., and Silverstein, S.C. (2004). Determination of the critical
concentration of neutrophils required to block bacterial growth in tissues. J Exp Med
200, 613-622.

Liu, G.Y., Essex, A., Buchanan, J.T., Datta, V., Hoffman, H.M., Bastian, J.F., Fierer, J.,
and Nizet, V. (2005). Staphylococcus aureus golden pigment impairs neutrophil killing
and promotes virulence through its antioxidant activity. J Exp Med 202, 209-215.

Liu, X., Dong, H., Wang, M., Gao, Y., Zhang, T., Hu, G., Duan, H., and Mu, X. (2016).
IL-1alpha-induced microvascular endothelial cells promote neutrophil killing by
increasing MMP-9 concentration and lysozyme activity. Immunol Res 64, 133-142.

Liu, X., Ma, B., Malik, A.B., Tang, H., Yang, T., Sun, B., Wang, G., Minshall, R.D., Li, Y.,
Zhao, Y., et al. (2012). Bidirectional regulation of neutrophil migration by mitogen-
activated protein kinases. Nat Immunol 713, 457-464.

Logsdon, N.J., Deshpande, A., Harris, B.D., Rajashankar, K.R., and Walter, M.R.
(2012). Structural basis for receptor sharing and activation by interleukin-20 receptor-2
(IL-20R2) binding cytokines. Proc Natl Acad Sci U S A 7109, 12704-12709.

Lokuta, M.A., and Huttenlocher, A. (2005). TNF-alpha promotes a stop signal that
inhibits neutrophil polarization and migration via a p38 MAPK pathway. J Leukoc Biol
78, 210-219.

Lowy, F.D. (1998). Staphylococcus aureus Infections. The New England Journal of
Medicine 339, 13.

Ma, C.S., Chew, G.Y., Simpson, N., Priyadarshi, A., Wong, M., Grimbacher, B., Fulcher,
D.A., Tangye, S.G., and Cook, M.C. (2008). Deficiency of Th17 cells in hyper IgE
syndrome due to mutations in STAT3. J Exp Med 205, 1551-1557.

Mahajan, S.N., Shah, J.N., Hachem, R., Tverdek, F., Adachi, J.A., Mulanovich, V.,
Rolston, K.V., Raad, I, and Chemaly, R.F. (2012). Characteristics and outcomes of
methicillin-resistant staphylococcus aureus bloodstream infections in patients with
cancer treated with vancomycin: 9-year experience at a comprehensive cancer center.
Oncologist 17, 1329-1336.

Maher, B.M., Mulcahy, M.E., Murphy, A.G., Wilk, M., O'Keeffe, K.M., Geoghegan, J.A.,
Lavelle, E.C., and McLoughlin, R.M. (2013). NIrp-3-driven interleukin 17 production by
gammadeltaT cells controls infection outcomes during Staphylococcus aureus surgical
site infection. Infect Immun 87, 4478-4489.

144



Mantovani, A., Cassatella, M.A., Costantini, C., and Jaillon, S. (2011). Neutrophils in the
activation and regulation of innate and adaptive immunity. Nat Rev Immunol 77, 519-
531.

Marin, M., Gudiol, C., Garcia-Vidal, C., Ardanuy, C., and Carratala, J. (2014).
Bloodstream infections in patients with solid tumors: epidemiology, antibiotic therapy,
and outcomes in 528 episodes in a single cancer center. Medicine (Baltimore) 93, 143-
149.

Mazmanian, S.K., Liu, G., Jensen, E.R., Lenoy, E., and Schneewind, O. (2000).
Staphylococcus aureus sortase mutants defective in the display of surface proteins and
in the pathogenesis of animal infections. Proc Natl Acad Sci U S A 97, 5510-5515.

Mazmanian, S.K., Liu, G., Ton-That, H., and Schneewind, O. (1999). Staphylococcus
aureus sortase, an enzyme that anchors surface proteins to the cell wall. Science 285,
760-763.

Mazmanian, S.K., Skaar, E.P., Gaspar, A.H., Humayun, M., Gornicki, P., Jelenska, J.,
Joachmiak, A., Missiakas, D.M., and Schneewind, O. (2003). Passage of heme-iron
across the envelope of Staphylococcus aureus. Science 299, 906-909.

McAdow, M., Kim, H.K., Dedent, A.C., Hendrickx, A.P., Schneewind, O., and Missiakas,
D.M. (2011). Preventing Staphylococcus aureus sepsis through the inhibition of its
agglutination in blood. PLoS Pathog 7, e1002307.

McDevitt, D., Francois, P., Vaudaux, P., and Foster, T.J. (1994). Molecular
characterization of the clumping factor (fibrinogen receptor) of Staphylococcus aureus.
Mol Microbiol 11, 237-248.

McGovern, N.N., Cowburn, A.S., Porter, L., Walmsley, S.R., Summers, C., Thompson,
A.A., Anwar, S., Willcocks, L.C., Whyte, M.K., Condliffe, A.M., et al. (2011). Hypoxia
selectively inhibits respiratory burst activity and killing of Staphylococcus aureus in
human neutrophils. J Immunol 186, 453-463.

McNicholas, S., Talento, A.F., O'Gorman, J., Hannan, M.M., Lynch, M., Greene, C.M.,
Humphreys, H., and Fitzgerald-Hughes, D. (2014). Cytokine responses to
Staphylococcus aureus bloodstream infection differ between patient cohorts that have
different clinical courses of infection. BMC Infect Dis 14, 580.

Meakins, J.C. (1910). AN EXPERIMENTAL STUDY OF OPSONIC IMMUNITY TO
STAPHYLOCOCCUS AUREUS. J Exp Med 12, 67-81.

Medzhitov, R. (2007). Recognition of microorganisms and activation of the immune
response. Nature 449, 819-826.

145



Menzies, B.E., and Kenoyer, A. (2005). Staphylococcus aureus infection of epidermal
keratinocytes promotes expression of innate antimicrobial peptides. Infect Immun 73,
5241-5244.

Menzies, B.E., and Kernodle, D.S. (1996). Passive immunization with antiserum to a
nontoxic alpha-toxin mutant from Staphylococcus aureus is protective in a murine
model. Infect Immun 64, 1839-1841.

Mestas, J., and Hughes, C.C. (2004). Of mice and not men: differences between mouse
and human immunology. J Immunol 172, 2731-2738.

Miller, L.G., and Diep, B.A. (2008). Clinical practice: colonization, fomites, and virulence:
rethinking the pathogenesis of community-associated methicillin-resistant
Staphylococcus aureus infection. Clin Infect Dis 46, 752-760.

Miller, L.S., and Cho, J.S. (2011). Immunity against Staphylococcus aureus cutaneous
infections. Nat Rev Immunol 77, 505-518.

Miller, L.S., O'Connell, R.M., Gutierrez, M.A., Pietras, E.M., Shahangian, A., Gross,
C.E., Thirumala, A., Cheung, A.L., Cheng, G., and Modlin, R.L. (2006). MyD88
mediates neutrophil recruitment initiated by IL-1R but not TLRZ2 activation in immunity
against Staphylococcus aureus. Immunity 24, 79-91.

Miller, L.S., Pietras, E.M., Uricchio, L.H., Hirano, K., Rao, S., Lin, H., O'Connell, R.M.,
lwakura, Y., Cheung, A.L., Cheng, G., et al. (2007). Inflammasome-mediated production
of IL-1beta is required for neutrophil recruitment against Staphylococcus aureus in vivo.
J Immunol 779, 6933-6942.

Minegishi, Y., Saito, M., Nagasawa, M., Takada, H., Hara, T., Tsuchiya, S., Agematsu,
K., Yamada, M., Kawamura, N., Ariga, T., et al. (2009). Molecular explanation for the
contradiction between systemic Th17 defect and localized bacterial infection in hyper-
IgE syndrome. J Exp Med 206, 1291-1301.

Mitchell, T., Lo, A., Logan, M.R., Lacy, P., and Eitzen, G. (2008). Primary granule
exocytosis in human neutrophils is regulated by Rac-dependent actin remodeling. Am J
Physiol Cell Physiol 295, C1354-1365.

Mizgerd, J.P., and Skerrett, S.J. (2008). Animal models of human pneumonia. Am J
Physiol Lung Cell Mol Physiol 294, L387-398.

Mocsai, A. (2013). Diverse novel functions of neutrophils in immunity, inflammation, and
beyond. J Exp Med 270, 1283-1299.

Montgomery, C.P., Boyle-Vavra, S., Adem, P.V., Lee, J.C., Husain, A.N., Clasen, J.,
and Daum, R.S. (2008). Comparison of virulence in community-associated methicillin-

146



resistant Staphylococcus aureus pulsotypes USA300 and USA400 in a rat model of
pneumonia. J Infect Dis 198, 561-570.

Moore, K.W., de Waal Malefyt, R., Coffman, R.L., and O'Garra, A. (2001). Interleukin-10
and the interleukin-10 receptor. Annu Rev Immunol 79, 683-765.

Moustafa, M., Aronoff, G.R., Chandran, C., Hartzel, J.S., Smugar, S.S., Galphin, C.M.,
Mailloux, L.U., Brown, E., Dinubile, M.J., Kartsonis, N.A., et al. (2012). Phase lla study
of the immunogenicity and safety of the novel Staphylococcus aureus vaccine V710 in
adults with end-stage renal disease receiving hemodialysis. Clin Vaccine Immunol 79,
1509-1516.

Muallem, S., Kwiatkowska, K., Xu, X., and Yin, H.L. (1995). Actin filament disassembly
is a sufficient final trigger for exocytosis in nonexcitable cells. J Cell Biol 728, 589-598.

Much, H. (1908). Uber eine Vorstufe des Fibrinfermentes in Kulturen von
Staphylokokkus aureus. Biochem z 14, 143-155.

Myles, I.A., Fontecilla, N.M., Valdez, P.A., Vithayathil, P.J., Naik, S., Belkaid, Y.,
Ouyang, W., and Datta, S.K. (2013). Signaling via the IL-20 receptor inhibits cutaneous
production of IL-1beta and IL-17A to promote infection with methicillin-resistant
Staphylococcus aureus. Nat Immunol 74, 804-811.

Nathan, C. (2006). Neutrophils and immunity: challenges and opportunities. Nat Rev
Immunol 6, 173-182.

Nathan, C., and Sanchez, E. (1990). Tumor necrosis factor and CD11/CD18 (beta 2)
integrins act synergistically to lower cAMP in human neutrophils. J Cell Biol 111, 2171-
2181.

Nathan, C.F. (1987). Neutrophil activation on biological surfaces. Massive secretion of
hydrogen peroxide in response to products of macrophages and lymphocytes. J Clin
Invest 80, 1550-1560.

Nauseef, W.M., and Borregaard, N. (2014). Neutrophils at work. Nat Immunol 15, 602-
611.

Noguchi, N., Nakano, K., Aratani, Y., Koyama, H., Kodama, T., and Niki, E. (2000). Role
of myeloperoxidase in the neutrophil-induced oxidation of low density lipoprotein as
studied by myeloperoxidase-knockout mouse. J Biochem 127, 971-976.

Nordenfelt, P., and Tapper, H. (2011). Phagosome dynamics during phagocytosis by
neutrophils. J Leukoc Biol 90, 271-284.

O'Shea, J.J., and Murray, P.J. (2008). Cytokine signaling modules in inflammatory
responses. Immunity 28, 477-487.

147



Ofek, I., Goldhar, J., Keisari, Y., and Sharon, N. (1995). Nonopsonic phagocytosis of
microorganisms. Annu Rev Microbiol 49, 239-276.

Otkjaer, K., Kragballe, K., Funding, A.T., Clausen, J.T., Noerby, P.L., Steiniche, T., and
Iversen, L. (2005). The dynamics of gene expression of interleukin-19 and interleukin-20
and their receptors in psoriasis. Br J Dermatol 71563, 911-918.

Otkjaer, K., Kragballe, K., Johansen, C., Funding, A.T., Just, H., Jensen, U.B.,
Sorensen, L.G., Norby, P.L., Clausen, J.T., and Iversen, L. (2007). IL-20 gene
expression is induced by IL-1beta through mitogen-activated protein kinase and NF-
kappaB-dependent mechanisms. J Invest Dermatol 127, 1326-1336.

Ouyang, W., Rutz, S., Crellin, N.K., Valdez, P.A., and Hymowitz, S.G. (2011).
Regulation and functions of the IL-10 family of cytokines in inflammation and disease.
Annu Rev Immunol 29, 71-109.

Palmqvist, N., Patti, J.M., Tarkowski, A., and Josefsson, E. (2004). Expression of
staphylococcal clumping factor A impedes macrophage phagocytosis. Microbes Infect
6, 188-195.

Paone, G., Conti, V., Vestri, A., Leone, A., Puglisi, G., Benassi, F., Brunetti, G., Schmid,
G., Cammarella, I., and Terzano, C. (2011). Analysis of sputum markers in the
evaluation of lung inflammation and functional impairment in symptomatic smokers and
COPD patients. Dis Markers 37, 91-100.

Parish, H.J., and Cannon, D.A. (1960). Staphylococcal infection: antitoxic immunity. Br
Med J 1, 743-747.

Parker, D., and Prince, A. (2012). Immunopathogenesis of Staphylococcus aureus
pulmonary infection. Semin Immunopathol 34, 281-297.

Parrish-Novak, J., Xu, W., Brender, T., Yao, L., Jones, C., West, J., Brandt, C., Jelinek,
L., Madden, K., McKernan, P.A., et al. (2002). Interleukins 19, 20, and 24 signal through
two distinct receptor complexes. Differences in receptor-ligand interactions mediate
unique biological functions. J Biol Chem 277, 47517-47523.

Patti, J.M. (2004). A humanized monoclonal antibody targeting Staphylococcus aureus.
Vaccine 22 Suppl 1, S39-43.

Peres, A.G., and Madrenas, J. (2013). The broad landscape of immune interactions with
Staphylococcus aureus: from commensalism to lethal infections. Burns 39, 380-388.

Popovich, K.J., Weinstein, R.A., Aroutcheva, A., Rice, T., and Hota, B. (2010).

Community-associated methicillin-resistant Staphylococcus aureus and HIV:
intersecting epidemics. Clin Infect Dis 50, 979-987.

148



Powers, M.E., Kim, H.K., Wang, Y., and Bubeck Wardenburg, J. (2012). ADAM10
mediates vascular injury induced by Staphylococcus aureus alpha-hemolysin. J Infect
Dis 206, 352-356.

Pozzi, C., Lofano, G., Mancini, F., Soldaini, E., Speziale, P., De Gregorio, E., Rappuoali,
R., Bertholet, S., Grandi, G., and Bagnoli, F. (2015). Phagocyte subsets and lymphocyte
clonal deletion behind ineffective immune response to Staphylococcus aureus. FEMS
Microbiol Rev 39, 750-763.

Projan, S.J., Nesin, M., and Dunman, P.M. (2006). Staphylococcal vaccines and
immunotherapy: to dream the impossible dream? Curr Opin Pharmacol 6, 473-479.

Puel, A., Cypowyj, S., Bustamante, J., Wright, J.F., Liu, L., Lim, H.K., Migaud, M., Israel,
L., Chrabieh, M., Audry, M., et al. (2011). Chronic mucocutaneous candidiasis in
humans with inborn errors of interleukin-17 immunity. Science 332, 65-68.

Puga, I, Cols, M., Barra, C.M., He, B., Cassis, L., Gentile, M., Comerma, L., Chorny, A.,
Shan, M., Xu, W., et al. (2011). B cell-helper neutrophils stimulate the diversification and
production of immunoglobulin in the marginal zone of the spleen. Nat Immunol 13, 170-
180.

Rausch, P.G., and Moore, T.G. (1975). Granule enzymes of polymorphonuclear
neutrophils: A phylogenetic comparison. Blood 46, 913-919.

Rice, L.B. (2008). Federal funding for the study of antimicrobial resistance in
nosocomial pathogens: no ESKAPE. J Infect Dis 197, 1079-1081.

Rigby, K.M., and DelLeo, F.R. (2012). Neutrophils in innate host defense against
Staphylococcus aureus infections. Semin Immunopathol 34, 237-259.

Robertson, C.M., Perrone, E.E., McConnell, K.W., Dunne, W.M., Boody, B.,
Brahmbhatt, T., Diacovo, M.J., Van Rooijen, N., Hogue, L.A., Cannon, C.L., et al.
(2008). Neutrophil depletion causes a fatal defect in murine pulmonary Staphylococcus
aureus clearance. J Surg Res 150, 278-285.

Roche, F.M., Downer, R., Keane, F., Speziale, P., Park, P.W., and Foster, T.J. (2004).
The N-terminal A domain of fibronectin-binding proteins A and B promotes adhesion of
Staphylococcus aureus to elastin. J Biol Chem 279, 38433-38440.

Rogers, D.E., and Melly, M. (1965). Speculations on the immunology of staphylococcal
infections. Annals of the New York Academy of Sciences 128, 274-284.

Roilides, E., Katsifa, H., Tsaparidou, S., Stergiopoulou, T., Panteliadis, C., and Walsh,

T.J. (2000). Interleukin 10 suppresses phagocytic and antihyphal activities of human
neutrophils. Cytokine 12, 379-387.

149



Rutz, S., Wang, X., and Ouyang, W. (2014). The IL-20 subfamily of cytokines--from host
defence to tissue homeostasis. Nat Rev Immunol 74, 783-795.

Ryu, S., Song, P.l., Seo, C.H., Cheong, H., and Park, Y. (2014). Colonization and
infection of the skin by S. aureus: immune system evasion and the response to cationic
antimicrobial peptides. Int J Mol Sci 15, 8753-8772.

Sa, S.M., Valdez, P.A., Wu, J., Jung, K., Zhong, F., Hall, L., Kasman, I., Winer, J.,
Modrusan, Z., Danilenko, D.M., et al. (2007). The effects of IL-20 subfamily cytokines on
reconstituted human epidermis suggest potential roles in cutaneous innate defense and
pathogenic adaptive immunity in psoriasis. J Immunol 178, 2229-2240.

Sabat, R. (2010). IL-10 family of cytokines. Cytokine Growth Factor Rev 21, 315-324.

Sadik, C.D., Kim, N.D., and Luster, A.D. (2011). Neutrophils cascading their way to
inflammation. Trends Immunol 32, 452-460.

Saiepour, D., Sehlin, J., and Oldenborg, P.A. (2006). Insulin inhibits phagocytosis in
normal human neutrophils via PKCalpha/beta-dependent priming of F-actin assembly.
Inflamm Res 55, 85-91.

Salgado-Pabon, W., and Schlievert, P.M. (2014). Models matter: the search for an
effective Staphylococcus aureus vaccine. Nat Rev Microbiol 12, 585-591.

Scapini, P., and Cassatella, M.A. (2014). Social networking of human neutrophils within
the immune system. Blood 724, 710-719.

Scarff, .M., and Goldberg, J.B. (2008). Vaccination against Pseudomonas aeruginosa
pneumonia in immunocompromised mice. Clin Vaccine Immunol 15, 367-375.

Schauber, J., and Gallo, R.L. (2008). Antimicrobial peptides and the skin immune
defense system. J Allergy Clin Immunol 722, 261-266.

Segal, A.\W. (2005). How neutrophils kill microbes. Annu Rev Immunol 23, 197-223.
Segal, AW., Dorling, J., and Coade, S. (1980). Kinetics of fusion of the cytoplasmic
granules with phagocytic vacuoles in human polymorphonuclear leukocytes.
Biochemical and morphological studies. J Cell Biol 85, 42-59.

Sengelov, H., Follin, P., Kjeldsen, L., Lollike, K., Dahlgren, C., and Borregaard, N.
(1995). Mobilization of granules and secretory vesicles during in vivo exudation of
human neutrophils. J Immunol 154, 4157-4165.

Sengelov, H., Kjeldsen, L., and Borregaard, N. (1993). Control of exocytosis in early
neutrophil activation. J Immunol 750, 1535-1543.

150



Seok, J., Warren, H.S., Cuenca, A.G., Mindrinos, M.N., Baker, H.V., Xu, W., Richards,
D.R., McDonald-Smith, G.P., Gao, H., Hennessy, L., et al. (2013). Genomic responses
in mouse models poorly mimic human inflammatory diseases. Proc Natl Acad SciU S A
110, 3507-3512.

Sheshachalam, A., Srivastava, N., Mitchell, T., Lacy, P., and Eitzen, G. (2014). Granule
protein processing and regulated secretion in neutrophils. Front Immunol 5, 448.

Shinefield, H., Black, S., Fattom, A., Horwith, G., Rasgon, S., Ordonez, J., Yeoh, H.,
Law, D., Robbins, J.B., Schneerson, R., et al. (2002). Use of a Staphylococcus aureus
conjugate vaccine in patients receiving hemodialysis. N Engl J Med 346, 491-496.

Shinefield, H.R., and Black, S. (2005). Prevention of Staphylococcus aureus infections:
advances in vaccine development. Expert Rev Vaccines 4, 669-676.

Shinji, H., Yosizawa, Y., Tajima, A., lwase, T., Sugimoto, S., Seki, K., and Mizunoe, Y.
(2011). Role of fibronectin-binding proteins A and B in in vitro cellular infections and in
vivo septic infections by Staphylococcus aureus. Infect Immun 79, 2215-2223.

Skov, R., Gottschau, A., Skinhoj, P., Frimodt-Moller, N., Rosdahl, V.T., and Espersen,
F. (1995). Staphylococcus aureus bacteremia: a 14-year nationwide study in
hematological patients with malignant disease or agranulocytosis. Scand J Infect Dis
27, 563-568.

Small, C.L., Shaler, C.R., McCormick, S., Jeyanathan, M., Damjanovic, D., Brown, E.G.,
Arck, P., Jordana, M., Kaushic, C., Ashkar, A.A., et al. (2010). Influenza infection leads
to increased susceptibility to subsequent bacterial superinfection by impairing NK cell
responses in the lung. J Immunol 7184, 2048-2056.

Sorrentino, R., de Souza, P.M., Sriskandan, S., Duffin, C., Paul-Clark, M.J., and
Mitchell, J.A. (2008). Pattern recognition receptors and interleukin-8 mediate effects of
Gram-positive and Gram-negative bacteria on lung epithelial cell function. Br J
Pharmacol 154, 864-871.

Spaan, A.N., Surewaard, B.G., Nijland, R., and van Strijp, J.A. (2013). Neutrophils
versus Staphylococcus aureus: a biological tug of war. Annu Rev Microbiol 67, 629-650.

Spellberg, B., and Daum, R. (2012). Development of a vaccine against Staphylococcus
aureus. Semin Immunopathol 34, 335-348.

Sporri, R., Joller, N., Hilbi, H., and Oxenius, A. (2008). A novel role for neutrophils as
critical activators of NK cells. J Immunol 7187, 7121-7130.

Stenderup, K., Rosada, C., Worsaae, A., Clausen, J.T., and Norman Dam, T. (2007).
Interleukin-20 as a target in psoriasis treatment. Ann N 'Y Acad Sci 1770, 368-381.

151



Stranger-Jones, Y .K., Bae, T., and Schneewind, O. (2006). Vaccine assembly from
surface proteins of Staphylococcus aureus. Proc Natl Acad Sci U S A 103, 16942-
16947.

Sullivan, G.W., Carper, H.T., Sullivan, J.A., Murata, T., and Mandell, G.L. (1989). Both
recombinant interleukin-1 (beta) and purified human monocyte interleukin-1 prime
human neutrophils for increased oxidative activity and promote neutrophil spreading. J
Leukoc Biol 45, 389-395.

Thompson, M.G., Black, C.C., Pavlicek, R.L., Honnold, C.L., Wise, M.C., Alamneh,
Y.A., Moon, J.K,, Kessler, J.L., Si, Y., Williams, R., et al. (2014). Validation of a novel
murine wound model of Acinetobacter baumannii infection. Antimicrob Agents
Chemother 58, 1332-1342.

Ton-That, H., Liu, G., Mazmanian, S.K., Faull, K.F., and Schneewind, O. (1999).
Purification and characterization of sortase, the transpeptidase that cleaves surface
proteins of Staphylococcus aureus at the LPXTG motif. Proc Natl Acad Sci U S A 96,
12424-12429.

Torres, V.J., Pishchany, G., Humayun, M., Schneewind, O., and Skaar, E.P. (2006).
Staphylococcus aureus IsdB is a hemoglobin receptor required for heme iron utilization.
J Bacteriol 188, 8421-8429.

Travers, J.B., Kozman, A., Mousdicas, N., Saha, C., Landis, M., Al-Hassani, M., Yao,
W., Yao, Y., Hyatt, A.M., Sheehan, M.P., et al. (2010). Infected atopic dermatitis lesions
contain pharmacologic amounts of lipoteichoic acid. J Allergy Clin Immunol 125, 146-
152.e141-142.

Tritsaris, K., Myren, M., Ditlev, S.B., Hubschmann, M.V., van der Blom, |., Hansen, A.J.,
Olsen, U.B., Cao, R., Zhang, J., Jia, T., et al. (2007). IL-20 is an arteriogenic cytokine
that remodels collateral networks and improves functions of ischemic hind limbs. Proc
Natl Acad Sci U S A 104, 15364-15369.

Tufano, M.A., Cipollaro de I'Ero, G., lanniello, R., Galdiero, M., and Galdiero, F. (1991).
Protein A and other surface components of Staphylococcus aureus stimulate production
of IL-1 alpha, IL-4, IL-6, TNF and IFN-gamma. Eur Cytokine Netw 2, 361-366.

Van den Steen, P.E., Proost, P., Wuyts, A., Van Damme, J., and Opdenakker, G.
(2000). Neutrophil gelatinase B potentiates interleukin-8 tenfold by aminoterminal
processing, whereas it degrades CTAP-IIl, PF-4, and GRO-alpha and leaves RANTES
and MCP-2 intact. Blood 96, 2673-2681.

van Rees, D.J., Szilagyi, K., Kuijpers, T.W., Matlung, H.L., and van den Berg, T.K.
(2016). Immunoreceptors on neutrophils. Semin Immunol 28, 94-108.

152



von Aulock, S., Morath, S., Hareng, L., Knapp, S., van Kessel, K.P., van Strijp, J.A., and
Hartung, T. (2003). Lipoteichoic acid from Staphylococcus aureus is a potent stimulus
for neutrophil recruitment. Immunobiology 208, 413-422.

von Specht, B.U., Knapp, B., Muth, G., Broker, M., Hungerer, K.D., Diehl, K.D.,
Massarrat, K., Seemann, A., and Domdey, H. (1995). Protection of
immunocompromised mice against lethal infection with Pseudomonas aeruginosa by
active or passive immunization with recombinant P. aeruginosa outer membrane protein
F and outer membrane protein | fusion proteins. Infect Immun 63, 1855-1862.

Weems, J.J., Jr., Steinberg, J.P., Filler, S., Baddley, J.W., Corey, G.R., Sampathkumar,
P., Winston, L., John, J.F., Kubin, C.J., Talwani, R., et al. (2006). Phase Il, randomized,
double-blind, multicenter study comparing the safety and pharmacokinetics of
tefibazumab to placebo for treatment of Staphylococcus aureus bacteremia. Antimicrob
Agents Chemother 50, 2751-2755.

Wegenka, U.M. (2010). IL-20: biological functions mediated through two types of
receptor complexes. Cytokine Growth Factor Rev 271, 353-363.

Weiner, O.D., Servant, G., Welch, M.D., Mitchison, T.J., Sedat, J.W., and Bourne, H.R.
(1999). Spatial control of actin polymerization during neutrophil chemotaxis. Nat Cell
Biol 1, 75-81.

Weisman, L.E. (2007). Antibody for the prevention of neonatal noscocomial
staphylococcal infection: a review of the literature. Arch Pediatr 14 Suppl 1, S31-34.

Weisman, L.E., Thackray, H.M., Steinhorn, R.H., Walsh, W.F., Lassiter, H.A.,
Dhanireddy, R., Brozanski, B.S., Palmer, K.G., Trautman, M.S., Escobedo, M., et al.
(2011). A randomized study of a monoclonal antibody (pagibaximab) to prevent
staphylococcal sepsis. Pediatrics 128, 271-279.

Wewers, M.D., Rinehart, J.J., She, ZW., Herzyk, D.J., Hummel, M.M., Kinney, P.A.,
and Davis, W.B. (1990). Tumor necrosis factor infusions in humans prime neutrophils
for hypochlorous acid production. Am J Physiol 259, L276-282.

White, M.J., Boyd, J.M., Horswill, A.R., and Nauseef, W.M. (2014). Phosphatidylinositol-
specific phospholipase C contributes to survival of Staphylococcus aureus USA300 in
human blood and neutrophils. Infect Immun 82, 1559-1571.

Wilke, G.A., and Bubeck Wardenburg, J. (2010). Role of a disintegrin and
metalloprotease 10 in Staphylococcus aureus alpha-hemolysin-mediated cellular injury.
Proc Natl Acad Sci U S A 107, 13473-13478.

Winkelstein, J.A., Marino, M.C., Johnston, R.B., Jr., Boyle, J., Curnutte, J., Gallin, J.I.,
Malech, H.L., Holland, S.M., Ochs, H., Quie, P., et al. (2000). Chronic granulomatous

153



disease. Report on a national registry of 368 patients. Medicine (Baltimore) 79, 155-
169.

Wolk, K., Kunz, S., Asadullah, K., and Sabat, R. (2002). Cutting edge: immune cells as
sources and targets of the IL-10 family members? J Immunol 768, 5397-5402.

Wu, J.H., Hong, L.C., Tsai, Y.Y., Chen, HW., Chen, W.X., and Wu, T.S. (2006).
Mitogen-activated protein kinase (MAPK) signalling pathways in HepG2 cells infected
with a virulent strain of Klebsiella pneumoniae. Cell Microbiol 8, 1467-1474.

Xu, Y., lkegami, M., Wang, Y., Matsuzaki, Y., and Whitsett, J.A. (2007). Gene
expression and biological processes influenced by deletion of Stat3 in pulmonary type Il
epithelial cells. BMC Genomics 8, 455.

Yaffe, M.B., Xu, J., Burke, P.A., Forse, R.A., and Brown, G.E. (1999). Priming of the
neutrophil respiratory burst is species-dependent and involves MAP kinase activation.
Surgery 126, 248-254.

Yipp, B.G., Petri, B., Salina, D., Jenne, C.N., Scott, B.N., Zbytnuik, L.D., Pittman, K.,
Asaduzzaman, M., Wu, K., Meijndert, H.C., et al. (2012). Infection-induced NETosis is a
dynamic process involving neutrophil multitasking in vivo. Nat Med 78, 1386-1393.

Zhang, W., Magadi, S., Li, Z., Smith, C.W., and Burns, A.R. (2017). IL-20 promotes
epithelial healing of the injured mouse cornea. Exp Eye Res 154, 22-29.

Zhelev, D.V., Alteraifi, A.M., and Chodniewicz, D. (2004). Controlled pseudopod
extension of human neutrophils stimulated with different chemoattractants. Biophys J
87, 688-695.

Zuluaga, A.F., Salazar, B.E., Rodriguez, C.A., Zapata, A.X., Agudelo, M., and Vesga, O.
(2006). Neutropenia induced in outbred mice by a simplified low-dose
cyclophosphamide regimen: characterization and applicability to diverse experimental
models of infectious diseases. BMC Infect Dis 6, 55.

154



