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ABSTRACT

Staphylococcus aureus causes severe disease with multiple tissue tropisms.
Clinical data suggests that chronic and recurrent disease occurs exclusively in skin and
soft tissue sites. Yet, immunity to pathogens can be induced in the skin. This implies
that induction of protective, adaptive immunity is critically dependent on the tissue site
of initial infection. Furthermore, S. aureus may utilize tissue-specific mechanisms to
suppress the development of protective immunity. How immunity to S. aureus is
induced is poorly understood due to the lack of tractable, in vivo antigen-specific models

to which S. aureus-specific adaptive immunity can be analyzed.

Therefore, we generated a novel chicken egg ovalbumin (OVA) secreting S.
aureus strain to follow OVA-specific CD4* T cells in recipient murine hosts. Here, we
demonstrate that bacteremia induces protection against secondary skin challenge
dermonecrosis and control of pathogen load. Bacteremia induced Th1l OT-Il subset
differentiation, generating memory cells which responded to skin re-challenge.
Conversely, skin infection offered no detectable protection against secondary challenge,
and failed to induce both canonical T helper cytokines and responsive, long-lasting
memory cells among donor OT-lIs. Loss of Hla expression by S. aureus resulted in the

rescue of OT-Il Thl responses after skin infection and enhanced memory cell induction.

Intradermal S. aureus infection resulted in the loss of CD11b* dermal dendritic
cells and Langerhans cells in the skin and reduced both migration and accumulation of
DCs to the skin draining lymph node. Infection with LAC hla::erm mutant strain restored
DC accumulation in both the skin draining lymph nodes and the skin site. Inmune sera

protected DC loss in naive animals during S. aureus skin infection. Furthermore, active
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immunization against inactive mutant of HlanssL protected DC populations in the skin
and draining lymph nodes after S. aureus infection. Taken together, these data
implicate Hla as a novel suppressor of antigen-specific CD4* T cell priming and long-
lasting memory formation against S. aureus. We hypothesize that DC targeting by Hla
prevents efficient priming of OT-Il memory and cytokine responses. We propose that
successful vaccination trials should target pediatric populations, as they likely have
functional S. aureus-specific CD4 T cells, and immunize against Hla to protect DCs at
barrier sites frequently breached by S. aureus. Such strategies will convert normally

immunosuppressive encounters with S. aureus into immune boosting events.



Introduction

Staphylococcus aureus is a commensal, native to the human gut and skin, and a
leading cause of severe invasive disease as well as recurrent, skin and soft tissue
infections (SSTIs). Though S. aureus asymptomatically colonizes >20% of the
population worldwide, it causes significant disease upon epithelial barrier breach(H. F.
Wertheim et al. 2004). S. aureus SSTIs vary from impetigo to life-threatening
necrotizing fasciitis, with abscess and cellulitis as the most common lesions(Stryjewski
and Chambers 2008; Klevens R et al. 2007). Severe cases of S. aureus infection
manifest as life-threatening pneumonia and bacteremia, accounting for >40% of culture-
positive health care associated pneumonia (HCAP) and 20 per 100,000 person-years,
respectively(Tong et al. 2015). Overall, the public health burden of S. aureus is severe,
affecting more than 11 million people annually, resulting in roughly 500,000
hospitalizations(McCaig et al. 2006). The rise of antibiotic-resistant strains, such as
USA300, the most prevalent methicillin-resistant S. aureus (MRSA) variant, have further
exacerbated the clinical toll(Tong et al. 2015). Approximately 50% of S. aureus
infections in the United States were caused by MRSA. Furthermore, infection with
antibiotic resistant S. aureus is associated with increased mortality rate. Thus, the
demand for novel preventative and therapeutic strategies to combat S. aureus infection
is high, and continues to rise each year.

Despite this, all vaccine trials have failed in human populations, and correlates of
immunity to S. aureus remain elusive(V. G. Fowler and Proctor 2014). The reasons for

these failures are unclear, as even trials which induced high titers of antibodies with in



vitro opsonic activity did not protect vaccinated subjects from S. aureus infection(V. G.
Fowler and Proctor 2014). Intriguingly, one clinical study was halted prematurely, as
vaccine recipients who developed S. aureus infections were five times more likely to die
than control recipients who acquire infection(V. G. Fowler and Proctor 2014). In
addition, though high titers of systemic, S. aureus-specific antibodies are present in
colonized individuals, these antibodies do not appear to protect them from
infection(Goldmann and Medina 2017). This suggests that S. aureus may have
developed means of perturbing immune responses against itself, perhaps as part of its
natural co-evolution with human hosts. As S. aureus colonizes barrier tissue sites, one
would hypothesize that any mechanisms designed for immune evasion would be
tailored to its natural colonization sites. While some evidence suggests that a variety of
virulence factors may thwart host immunity, whether S. aureus utilizes differential

mechanisms that are tissue dependent remains unclear.

Epidemiology of S. aureus infection: Tissue Specificity

S. aureus causes disease in multitude of tissues, but the mechanisms by which
S. aureus modulates immunity is poorly understood. Clinical evidence suggests that
recurrence rates of infection with S. aureus may depend on the initial route of infect.
Curiously, patients who have experienced at least one S. aureus SSTI frequently
experience recurrent S. aureus infections compared to previously uninfected household
contacts, with recurrence rates exceeding 50% in some populations(Tong et al. 2015; L.
G. Miller et al. 2015). Larger scale studies supported these findings, such that otherwise

healthy patients with S. aureus infections had higher rates of acquiring another soft



tissue infection cause by S. aureus compared to patients who did not report S. aureus
infections, with an odds ratio of 2.5(Bouvet et al. 2017). Taken together, the clinical data
indicate that despite similar environmental exposures, a patient’s susceptibility to
infection may depend on whether they were previously infected.

However, some studies have provided evidence that environmental exposure
and patient colonization with S. aureus are predictive of future infections. For example,
household contact infection appeared to correlate with S. aureus infection in other
household members, suggesting that colonized individuals are also important reservoirs
for transmission(Fritz et al. 2009; Ellis et al. 2004; Kluytmans, van Belkum, and
Verbrugh 1997; von Eiff et al. 2001; Toshkova et al. 2001; H. F. L. Wertheim et al.
2005). In addition, previous colonization with S. aureus seems to increase the risk of
both SSTIs in otherwise normal, healthy adults, and nosocomial invasive infections
following surgical procedures. Several studies demonstrate a 2 to 10 fold increased risk
of developing a S. aureus surgical site infection, with the majority of infections resulting
from the colonizing strain(von Eiff et al. 2001; Butterly, Schmidt, and Wiener-Kronish
2010; Davis et al. 2004; Kao et al. 2015; Gorwitz et al. 2008; Safdar and Bradley 2008).
Furthermore, MRSA colonization resulted in 10 times more nosocomial infections when
compared to the number of individuals with MSSA colonization who acquired
infection(Butterly, Schmidt, and Wiener-Kronish 2010). Thus, barrier tissue exposure,
whether through colonization or SSTI, appears to correlate with dramatically increased
risks or infection. While the probability of acquiring an initial infection with S. aureus may
depend on the colonization status of the patient, the acquisition of an infection appears

to beget further infections.



Studies which have focused on the recurrence rate of infection in patients who
recovered from invasive disease have been either retrospective in design or small in
sample size. Such studies analyzed the relapse of bacteremia within a short period of
time after recovery, and recurrence was found to be linked to endocarditis, distal septic
complications, antibiotic type and frequent vascular manipulation or frequent epidermal
breaks for medical procedures(Chambers, Miller, and Newman 1988; Korzeniowski and
Sande 1982; Chang et al. 2003; Small and Chambers 1990). Therefore, clinical
evidence which specifically addresses whether recurrence of S. aureus infection may
depend on the type of initial S. aureus infection are few. Interestingly, one study
demonstrated that patients with invasive infections displayed higher convalescent titers
against Hla and Panton-Valentine Leukocidin (PVL) than patients who recovered form
cutaneous infection(Fritz et al. 2013). Subsequent infection risk was comparable
between primary and recurrent cutaneous infection groups. Cumulative recurrent
infection over a 12 month follow up demonstrated that while recurrences rates of
infection was >60% in primary and recurrent SSTI cohorts, colonization only and
invasive infection groups were approximately 20%(Fritz et al. 2013). This suggests that
while cutaneous infection is a risk factor for further infection, this is not true for patients
which recovered from invasive disease. Thus, the development of protective immunity
to S. aureus may depend on the tissue site of initial exposure. For this to be possible, S.
aureus would require currently unknown, tissue-specific mechanisms by which it could
perturb immunity. Such investigation has been hindered by the absence of in vivo

methods to track antigen-specific responses to S. aureus.



Tissue specific immunity

The skin is a vital physical barrier against pathogen invasion, and is colonized by
the normal microflora. Microbial species segregate anatomically based on a variety of
determinants, such as temperature, pH, moisture content, sebum, salt and fatty acids.
At homeostasis, commensals are thought to live symbiotically with the host, and act as
inhibitors to colonization by pathogenic microbes(Proksch, Brandner, and Jensen 2008).
This generally accepted view of host-commensal interaction is complicated by the
observation that S. aureus acts as both a native commensal of the skin and pathogen.
The change from commensal to pathogenic is likely dictated by both changes to the
barrier environment and the state of the host’'s immune system at the time of
infection(Safdar and Bradley 2008; Proksch, Brandner, and Jensen 2008; L. S. Miller
2008).

The first line of skin immunity is the plethora of microbial communities that reside
on the surface of the barrier tissue. These communities act as a living, first response
barrier to new environmental factors and pathogenic would-be colonizers. Several
studies have addressed how commensals within these community control these
pathogens. For example, Staphylococcus epidermidis inhibits S. aureus colonization
through the secretion of serine protease Esp, which blocks the formation of biofilms by
the invader(lwase et al. 2010). Furthermore, S. epidermidis orchestrates the expression
of antimicrobial peptides by human keratinocytes, resulting in the inhibition of S. aureus
growth on the surface of the skin(Wanke et al. 2011). The ability of commensal S.
epidermidis and pathogenic S. aureus to induce expression of antimicrobial peptides

(AMPs) and activate NF-kB differed, and appeared to oppose each other, suggesting



that commensals utilized unique pathways to alert the innate immune system of the
presence of pathogenic colonizers.

The foundation on which the microbial barrier resides is the epidermis of the skin:
the top most layer is the stratum corneum. It is composed of a network of cross-linked
cells (corneocytes) embedded in an intercellular matrix enriched in lipids, which create
the layered brick-like structure of the epidermis(Wanke et al. 2011; Sanford and Gallo
2013a). This network is consistently maintained by the continuous differentiation of
nucleated keratinocytes into the flat, anucleated corneocytes of the stratum corneum of
the epidermis. To maintain the integrity of the barrier, a system of tight junctions anchor
these cells together, making a water proof, impenetrable barrier sufficient to separate
deep tissue from the outside environment(Eyerich et al. 2018). The highly organized
layer serves as the primary barrier against mechanical, microbial and chemical assaults
to the host. Residing with this structure is the “chemical barrier” of the skin, comprising
the factors which constitute and maintain the acidic surface pH and the components
which naturally moisturize the skin(Eyerich et al. 2018). Critical to this chemical balance
is the production of secretions from eccrine, apocrine and sebaceous glands which sit in
invaginations along the skin surface. Eccrine sweat glands, which are distributed across
the entire skin surface are key in thermoregulation of the host body, as well as salt and
electrolytes which work to acidify the skin. In combination with constitutive expression of
AMPs, eccrine glands create an environment which limits the composition of microbes
that can establish, survive and proliferate on the skin surface(Murakami et al. 2002; S.
Rieg et al. 2004; Siegbert Rieg et al. 2006). Sebaceous glands secrete sebum, a lipid-

rich substance which works to lubricate the hair and skin. Seeded in the hair follicles,



these glands facilitate distinct microbial communities which are capable of thriving in
near anaerobic, lipid-rich environments. The breakdown of these lipids into free fatty
acids, too, contribute to the control of microbial colonization, along with unique,
sebocyte-derived AMPs, such as cathelicidins, 3-defensins, and antimicrobial
histones(Nagy et al. 2006; Nakatsuji et al. 2010; D.-Y. Lee et al. 2009). One of the most
populous bacteria in the hair follicles is Propionibacterium acnes. Specifically, P. acnes
lipopolysaccharide (LPS) types IA and IB have been found to induce unique, and
differential, pro-inflamatory cytokines and chemokines, as well as AMPs(Nagy et al.
2006). Thus, the microbial community that colonizes the skin is uniquely tailored based
on the biochemical restrictions imposed by the chemical environment. Moreover,
microbes which colonize the skin can then utilize innate host signaling to further alter
the environment, potentially increasing the barrier to colonization against foreign
pathogens.

Keratinocytes warrant special attention, as they produce and deliver cholesterols
and triglycerides to the surface(Eyerich et al. 2018). In coordination with sebaceous
glands, which secrete triglycerides, esters and sebum towards the upper hair follicles
and onto the skin, the keratinocytes contribute to the acidification of the skin. However,
this acidification process is dependent on the bacterial microflora and yeast
communities on the skin, which hydrolyze these triglycerides into free fatty acids. The
coordinated acidification of the skin illustrates the symbiotic effort of both the host and
commensal microbiota to prevent pathogen colonization. Beyond this, keratinocytes are
also known to contribute directly towards the elimination of pathogens, and are thought

to directly modulate adaptive immunity in the skin. To sense their invaders,



keratinocytes express different pattern recognition receptors (PRRs) such as the Toll-
like receptors 2 and 4, the non-classical MHC CD1d and a keratinocyte mannose-
binding receptor (KcMR)(Pivarcsi, Kemény, and Dobozy 2004). Thus, keratinocytes are
capable of detecting conserved molecular entities expressed by the microflora, such as
nucleic acids, cell wall components, flagella and lipoproteins(Sanford and Gallo 2013b).
In addition, a multitude of effector cytokines, chemokines and costimulatory molecules
have been found to upregulate depending on the nature of an environmental insult.
Ultraviolet radiation and physical trauma has been shown to induce several immune
resposnes in keratinocytes, from NF-kB upregulation and the induction of IL-1, IL-6,
TNFa and vascular endothelial growth factor, to the phosphorylation of epidermal
growth factor receptor (EGF-R), activation of c-Jun kinase and autophosphorylation of
IL-1 receptor associated kinases(Pfundt et al. 2001; Wan et al. 2001; Abeyama et al.
2000). In the context of microbial interactions, various infection models have
demonstrated that keratinocytes can induce an array of factors which dictate the host
immune response upon infection. During HPV infection, IL-8, RANTES/CCL5, and
macrophage inflammatory protein MIP1a, and IFNy-inducible protein expression were
observed, suggesting that keratinocytes may orchestrate the initial innate immune
responses through the recruitment of neutrophils and macrophages(Steinhoff, Brzoska,
and Luger 2001). In the case of Schistosoma mansoni parasitic infection, prostaglandin
E2 and IL-10 production appears to downregulate host immune responses,
demonstrating a means by which invaders can take advantage of the immune

modulatory function of keratinocytes(Ramaswamy, Kumar, and He 2000).



Connected to a vast network of host immune cells, keratinocytes also coordinate
both the innate and adaptive immune responses. In mice, there is a resident population
of dendritic epidermal T cells (DETCSs) that express an invariant Vy3Vé1l T cell receptor
and are tightly anchored to the keratinocytes meshwork of the skin(Nielsen, Witherden,
and Havran 2017). Producers of IL-17, these cells are thought to recruit neutrophils
upon barrier injury, as damaged or stressed keratinocytes express TCR ligands that can
activate these DETCs through non-MHC-mediated mechanisms(Nielsen, Witherden,
and Havran 2017). Cross talk between keratinocytes and adaptive immunity was also
demonstrated to be critical in preventing inflammatory disease in a IkBa dependent
manner(Rebholz et al. 2007). Furthermore, keratinocytes act as one of the initial innate
immune sensors of microbial invasion, as antigens presented by keratinocytes through
major histocompatibility complex | (MHCI) can cross prime CD8 T cell responses in a
CDA4 T cell dependent manner(Gudjonsson et al. 2004). Taken together, keratinocytes
contribute not only to the generation of both the physical and chemical barriers on the
skin, but also modulate host adaptive immune responses to maintain tissue
homeostasis.

Beneath the cutaneous layers of the skin, subsets of skin-specific dendritic cells
act as the main instructors and sentinels to the adaptive immune system. Currently,
there are 3 general DC subsets in the healthy mouse skin, all of which express CD11c
and MHC class Il; epidermal Langerhans cells (LCs), CD11b* dermal dendritic cells
(DDCs) and CD207*(Langerin) DDCs(C. C. Chu, Di, and Nestle 2011). Improvements in
phenotypic analysis of these subsets have unveiled that the CD207*DDCs can be

further subdivided into CD103"39" and CD103"°" subsets, and that a fifth, smaller



population of dermal Langerin’XCR1-CD11b"*"SirpaMI"CX3CR1"" cells exists. The
human and murine skin DC network appears to be highly conserved, as both species
harbor analogous populations(Clausen and Stoitzner 2015). Specifically, epidermal
Langerhans cells are shared between both species, while in the dermis three subsets of
DCs can be identified(Clausen and Stoitzner 2015). As in mice, the largest DC
population in the dermis is represented by the CD1c*CD1a* dermal DC, which
corresponds to the murine CD11b* dermal DC: it composes over 65% of the dermal DC
population(Henri et al. 2010). The smallest subset of DCs in the human dermis highly
express CD141 and XCR1, and have been characterized as homologous to murine
LangerintfCD103* dermal DCs, which also express XCR1(Haniffa et al. 2012; C.-C. Chu
et al. 2012). Beyond these homologous subsets, the remaining DCs in murine skin have
yet to be matched with their human counterpart. Recent evidence has identified a small
subset of DDCs which weakly express Langerin and CD1c, which emphasize that
Langerin expression may not be restricted to Langerhans cell alone in either
species(Bigley et al. 2015). Taken together, DC subsets between humans and mice
appear homologous, which indicate that in vivo studies addressing DC function during
skin infection may be highly translatable to human disease.

Langerhans cells are derived at birth from the primitive yolk sac and the fetal
liver(Collin and Milne 2016). Historically, LCs were viewed as constitutive immune-
activating cells due to their ability to efficiently present antigen. However, recent
evidence promotes the idea that LCs also play a key role in inducing tolerance to both
self-antigens and commensal microbes through the induction of regulatory T cells

during homeostasis(Seneschal et al. 2012; Igyarté and Kaplan 2013; Romani, Brunner,
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and Stingl 2012a). Currently, LCs are thought to have dual functions which are context
dependent. Due to their ability to efficiently present self-antigen, LCs have been recently
determined to induce T regulatory populations after ionizing radiation treatment on the
skin, and negatively regulate inflammatory responses against pathogens, presumably
as a check on self-inflicted damage(Kautz-Neu et al. 2011; Price et al. 2015a).
Recently, it was demonstrated that intradermal immunization with chicken egg
ovalbumin (OVA)-coupled anti-Langerin antibodies (Langerin/OVA) induced CD8 T cell
memory and cytotoxic responses when co-injected with Poly(l:C) and anti-CD40 agonist
antibody. However, exclusive targeting Langerin/OVA to LCs failed to prime cytotoxicity,
despite initial antigen cross-presentation to CD8 T cells in the presence of strong
adjuvants, and deletion of OT-IIs, CD4 T cells specific to an OVA epitope presented on
MHC class Il, was observed(Flacher et al. 2014). This suggests that CD8 peripheral
tolerance could be orchestrated by LCs in an antigen-specific manner. Conversely, LCs
have been shown to necessary and sufficient for the generation of antigen-specific T
helper-17 (Th17) subset differentiation in vivo using an OT-Il system, but not for the
generation of cytotoxic lymphocytes (CTLs)(lgyarto et al. 2011a). Taken together,
Langerhans cells are dual purposed to initiate antigen-specific tolerance of Th17
immunity in a context specific manner which is dependent on the microbe and/or type of
trauma induced at the skin site.

In coordination with Langerhans cells, Langerin* dDCs modulate immunity at the
skin site, and prime T cell immunity in the skin draining lymph nodes. Langerin* dDCs
are classically identified based on their expression of Langerin and CD103, and the

absence of CD11b, CD8 and EpCam surface markers(Kaplan 2010). As
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aforementioned, a recent population of Langerin® CD103" dDCs has been identified in
the dermis, which is functionally and phenotypically distinct from LCs, but little is known
about the activity of this population. A substantial body of literature has supported the
idea that Langerin* dDCs, but not LCs, cross present antigen to CTL to induce cytotoxic
responses(lgyarté et al. 2011a; Kaplan 2010; Idoyaga et al. 2013; Bedoui et al. 2009;
Bobr et al. 2010). An elegant demonstration of this utilized OT-I (CD8 T cells specific to
OVA) and OT-II systems, which recognize chicken egg ovalbumin sequences specific
for MHCI and MHCII epitopes. They demonstrated that Langerin® dDCs are required for
not only the generation of antigen-specific Thl cells, but also induce CTL cytotoxic
activity through cross presentation of antigen in S. aureus and Candida albicans models
of infection(Igyarto et al. 2011a). Furthermore, Langerin* dDCs were found to inhibit the
development of antigen-specific Th17 cell responses, moderately counteracting the
action of LCs. Thus, Langerin* dDCs not only are required for antigen-specific induction
of Thl and CTL responses, but also counteract the induction of Th17 responses by LCs
during skin infection.

Similarly to Langerin® dDCs, CD11b* Langerin- dDCs mediate the priming of Thl
immunity in the context of parasitic Leishmania major infection. Originally, Langerin*
dDCs and LCs were thought to be critical for the induction of protective immunity in this
disease model, but this view was challenged when it was discovered that Langerin
CD8a" DCs acted as the principal antigen-presenting cells(Ritter et al. 2004). It was
known that Thl and CD8 CTL responses were critical to both resistance against L.
major infection and the skin healing process(Kautz-Neu et al. 2010, 2012). However,

the use of Langerin-DTR (diphtheria toxin receptor) mice demonstrated that while CD8
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T cell responses were significantly reduced during L. major infection, priming of CD4* T
cells to Thl subtype remained intact(Brewig et al. 2009). Thus, CD11b* Langerin- dDCs
appear to dictate CD4* T cell Thl priming in the context of parasitic infections.

Skin-resident dendritic cells migrate from the skin site of infection to the draining
lymph nodes, and prime the adaptive immune system. Depending on the inflammatory
environment, the aforementioned DCs can induce tolerance or immunity. The unique
instructions provided by DCs can determine whether the development of protective
antibody or T cell memory responses are generated(Pasparakis, Haase, and Nestle
2014).

Efficient generation of T effector cells and T follicular helper (Tfh) cells dictate the
development of high affinity antibody production by B cells, which is key to neutralizing
toxins, opsonization of bacterial wall targets for phagocytosis by innate immune cells,
and the activation of complement pathways(Charles A Janeway et al. 2001; Crotty
2014; Ma et al. 2012). In particular, Tfth cell express unique combination of effector
molecules that dictate their control of adaptive immunity and antibody responses, such
as IL-21, ICOS, and CD40 ligand (CD40L)(Ma et al. 2012). These molecules are critical
for controlling the differentiation, activation, proliferation and survival of B cells during a
germinal center reaction post infection. For example, CD40L prevents apoptosis in B
cells and promotes their proliferation, while IL-21 is crucial for differentiation of CD40L-
stimulated B cells and inducing Ig isotype class switching and affinity maturation(Crotty
2014; Ma et al. 2012). In addition to Tfh, naive T cells can be programmed into T helper
1,217 (Thl, Th2, Th17) and regulatory subsets (Treg), each with unique functions

against specific classes of microbial pathogens. Th1l cells secrete IFNy, which activate

13



macrophages, induce MHC | expression and direct defenses against intracellular
pathogens. Th2 cells secrete IL-4, IL-5 and IL-13, are key to the activation of
eosinophils and dictate the control of extracellular parasites. Furthermore, Th2 cells are
indicated in allergy. Th17 cells secrete IL-17 and IL-22, which activate and recruit
neutrophils to the site of infection, stimulate the expression of antimicrobial peptides at
barrier tissues, promote epithelial proliferation and primarily dictate control of fungal and
extracellular bacterial infections. As a check on active immunity, Tregs regulate T cell
priming and function by dampening the activation of T cells during an immune response
to prevent self-tissue damage. Furthermore, Tregs are critical to peripheral tolerance to
self-antigen, as newly derived CD4 and CD8 T cells that escape negative selection in
the thymus, or central tolerance, may be reactive to self-antigen. To suppress self-
reactivity and autoimmune disease, Treg cell utilize multiple mechanisms: suppression
by inhibitory cytokines, cytolysis, inhibition through metabolic disruption and direct
modulation of DC maturation and function(Vignali, Collison, and Workman 2008). Of the
suppressive cytokines, IL-10, TGFB and IL-35 are crucial mediators of Treg function,
though the settings in which they are utilized differs, suggesting that they are non-
overlapping in their function(Vignali, Collison, and Workman 2008). Taken together,
naive T cells can be differentiated into multiple subsets with unique functions in different
context. These T cells then instruct B cell memory formation and high affinity,
neutralizing antibody production which is essential for protective immunity to pathogenic
re-challenge.

S. aureus establishes infection both systemically and at mucosal barrier sites. In

contrast to the skin, the systemic immune system is a fluid entity which is linked to
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mucosal sites through the bloodstream. Against blood-borne pathogens and foreign
antigens, the spleen is the main filter and behaves as a secondary lymphoid organ for
the generation of protective immune responses. The organ receives blood through the
afferent arterial blood which ends in the marginal zone. This zone monitors the blood
and contains a host of tissue-resident phagocytes, as well as divides the red pulp of the
spleen from the white pulp. Generally, the red pulp also contributes towards filtering the
blood while the white pulp generates active immunity in the case of a blood-borne
infection(Bronte and Pittet 2013). Hosting all major types of mononuclear phagocytes,
these cells identify pathogens and cellular stress while also removing dying cells and
foreign material(Bronte and Pittet 2013). Circulating T and B cells, along with resident
lymphocytes, compose the adaptive immune elements of the spleen. As the systemic
circulation is thought to be sterile, live microbial entry in the spleen is thought to
generate protective immunity. Circulating lymphocytes scan the splenic
microenvironment for antigen presented by splenic APCs, and their trafficking is guided
by stromal cell networks, integrins, and chemokines, among other factors(Bronte and
Pittet 2013). Furthermore, various infection models have pointed to the spleen as prime
site for the development of protective immunity during tissue and systemic infection. For
instance, recent data has demonstrated that Th1l and Th17 cells can be induced at both
the intestine and spleen following Salmonella infection, and the cells induced at each
site were specific to different subsets of antigens(S.-J. Lee et al. 2012). During bacterial
infection, unique lymphocyte populations can also be recruited which modulate the
immune response. For example, unique populations of B cells are recruited to the

spleen during bacterial invasion, which accumulate in the red pulp and are the primary
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producers of granulocyte-macrophage-colony-stimulating factor (GM-CSF). This
population appears to be critical for bacterial control, as mice which lack GM-CSF in
these specific populations of B cells undergo an IL-6, TNF-a and IL-1f cytokine storm,
which appears to impair bacterial control and results in higher mortality(Rauch et al.

2012).

The spleen is also a prime site in which peripheral tolerance is mediated. Splenic
macrophages are thought to be major contributors to the induction of tolerance.
Characterized as unresponsiveness to antigen, tolerance can be induced through high,
innocuous antigen exposure or mucosal contact with antigen, as in oral
tolerance(Bronte and Pittet 2013). Both splenectomized and F4/80-deficient mice, which
are devoid of macrophages, do not develop tolerance to innocuous injection in the eye,
another immune privileged site in which tolerance is induced(H.-H. Lin et al. 2005). It is
thought that once intraocular macrophages acquire antigen, they traffic to the marginal
zone of the spleen, and present antigen while establishing an immunosuppressive
environment through TGF- and IL-10 release(“Expression of Thrombospondin in
TGFB-Treated APCs and Its Relevance to Their Immune Deviation-Promoting
Properties | The Journal of Immunology” n.d.). These events result in the induction of
CD4 Tregs and tolerogenic CD8 T cells, which are thought to maintain long-lasting
tolerance against the presented antigens. Collectively, systemic and mucosal immunity
are overlapping systems which facilitate the identification and clearance of invading
pathogens. Though these two systems are differentially regulated, they both function to
protect the host against pathogenic encounters and develop long-lasting immunity to

foreign invaders.
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Immunity to S. aureus: A clinical quandary

The correlates of immunity to S. aureus remain elusive. While it is thought that
protective immunity to pathogen re-encounter depends on the secretion of antibodies
that both neutralize toxins and opsonize pathogens, the role of antibodies in S. aureus
immunity is unclear. For example, X-linked agammaglobunlinemia (XLA), or patients
who lack mature B cells, are typically susceptible to infections from a variety of bacteria
and viruses. This susceptibility is normally reversed through administration of donor
antibodies. Interestingly, XLA patients do not display increased susceptibility to infection
by S. aureus(Smith and Berglof 1993; Bruton 1952). Furthermore, clinical reports have
conflicted on whether susceptibility to staphylococcal infection correlates with
preexisting antibodies towards S. aureus virulence factors. Several studies observed
that serum antibodies against a multitude of exotoxins found that low antibody titers
correlated with increased risk for the development of sepsis(Stentzel et al. 2015;
Adhikari et al. 2012). In support, a recent study demonstrated that elevated serum titers
against S. aureus a-toxin (Hla) correlated with protection against subsequent infection
over a 12 month follow up, and invasive infection resulted in higher antibody titers
compared to the convalescent titers of patients who reported skin infections(Fritz et al.
2013). Curiously, colonized patients without a history of previous S. aureus infection, or
carriers, appeared to have high titers of anti-staphylococcal antibodies. This observation
complements previous findings, which showed that carriers had improved recovery from
invasive infection despite an increased risk of developing infection compared to non-

carriers(von Eiff et al. 2001; H. F. L. Wertheim et al. 2005). However, antibodies against
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S. aureus through harmless or minor infection exposure seems to do little to perturb
skin and soft tissue disease, as up to a third of patients with high antibody titers suffer
from recurrent infections(H. F. Wertheim et al. 2004; Nguyen, Mascola, and Brancoft
2005; L. G. Miller et al. 2007). This seemingly contradictory observation suggests that
while antibodies may abrogate severity of disease, prevention strategies may require
input from other aspects of the adaptive immune system. Alternatively, the quality of
antibody responses to S. aureus virulence factors may play an unappreciated role in
infection control, as antibody isotype is crucial in dictating immune responses in other
infection models; this is currently understudied in the field(Bournazos et al. 2016, 2014).

Despite evidence that antibodies can modulate the severity of disease, attempts
to vaccinate against S. aureus have been unsuccessful in preventing infection. Most
vaccine candidates against S. aureus to date were selected and assessed based on
their ability to generate opsonizing and neutralizing antibodies in vitro, after confirmatory
testing in vivo(Pozzi et al. 2012; A. Fattom et al. 1990; Ohlsen and Lorenz 2010). Yet,
despite confirmed antibody titers against their proposed targets, all vaccine trials have
failed to prevent infection.

Various vaccines have entered phase lll clinical trials with no success. The first
of these conjugate vaccinates against S. aureus was StaphVax, which targeted the
capsular polysaccharide (CP) serotypes 5 and 8. This was not a unique approach to S.
aureus, as the same strategy had been successful in the prevention of Streptococcus
pneumonia and Haemophilus influenzae infection(Pozzi et al. 2012; A. I. Fattom et al.
1996; Shinefield et al. 2002). While mouse models demonstrated that CP-specific

antibodies protected mice from lethal S. aureus challenge, and phase lll clinical trials in
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hemodialysis patients suggested a modest reduction of bactermia cases early after
vaccination, subsequent boosters failed to prevent bacteremia despite increased
antibody titers against CP5 and 8(A. I. Fattom et al. 1996; Shinefield et al. 2002;
Schaffer and Lee 2008; Ali Fattom et al. 2004). Though the main reasons for this failure
are poorly understood, these studies emphasize the multi-factorial virulence
mechanisms S. aureus utilizes to induce infection, as some strains, such as USA300,
lack capsule production(Karauzum and Datta 2016).

A more recent attempt to vaccinate patients against S. aureus iron-binding
surface determinant B (IsdB) was met with similar preclinical promise before failure in
phase lll. This candidate target was identifed through an initial screen of patients with
high antibody titers against S. aureus surface antigens(Etz et al. 2002). Immunization of
this protein demonstrated remarkable protection against lethal S. aureus sepsis in mice,
and high antibody titers were observed in mice, macaques and humans(Etz et al. 2002;
Stranger-Jones, Bae, and Schneewind 2006; Kim, DeDent, et al. 2010; Harro et al.
2012; Kuklin et al. 2006). Despite its promise, phase IIB/III clinical trials with the 1sdB
vaccine in cardiothoracic surgery patients was halted prematurely when excessive
deaths were found in the vaccine group among patients who developed post-operative
S. aureus infections(Vance G. Fowler et al. 2013). To investigate the cause, subsequent
analysis of serum cytokines found that low IL-2 and IL-17 levels post-vaccination
corresponded with mortality in these patients, suggesting that a T cell dependent
mechanism was at play. However, the directionality was not established, as no follow up

studies were performed(McNeely et al. 2014).
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Considering the multitude of virulence strategies employed by S. aureus, it may
be the case that single antigen vaccine strategies may not be successful. New vaccine
initiatives have focused on targeting superantigen toxins, and secreted toxins such as
Hla. Similar to their predecessors, these targets have demonstrated preclinical promise
in mouse models of soft tissue and invasive disease(Bubeck Wardenburg and
Schneewind 2008; Boles et al. 2003; Kennedy et al. 2010). However, others are now
attempting multi-antigenic vaccine strategies. For example, one group has
demonstrated that vaccination against 7 secreted virulence factors can induce antibody-
mediate protection against lethal pneumonia in rabbit models of infection. However, this
same cocktail vaccination strategy was also found to enhance lethality in rabbit models
of infective endocarditis(Bubeck Wardenburg and Schneewind 2008). The suggested
mechanism behind this surprising result was antibody-mediated bacterial aggregation,
highlighting the potential danger in eliciting antibody responses without careful
investigation behind antibody-pathogen interactions. Taken together, S. aureus specific
antibody responses may limit disease severity, though the efficacy of vaccine induced
antibody responses have been remarkable in animal models with little success in
humans.

The role of T cell immunity in S. aureus infection has become a primary focus in
recent years. Unlike in the case of B cell deficiencies, patient with notable T cell
deficiencies, as in the case of HIV, or partial disorders of T cell function are susceptible
to S. aureus infection(Cook and Tangye 2009; Hidron et al. 2010). However, separate
studies have found that S. aureus is only an occasional cause of infection in humans

with genetic T cell deficiencies, though a clear confounder is the susceptibility of such
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patients to a host of other organisms(Stephan et al. 1993). Thus, the requirement of T
cells in controlling S. aureus infection in humans is still under investigation, and
warrants further investigation. Detectable “memory” T cell responses can be observed
in human PBMCs through re-stimulation with S. aureus antigen in vitro(J. B. Kolata et
al. 2015; Zielinski et al. 2012). Interestingly, one study demonstrated that while Candida
albicans induced a canonical Th17 response in PBMCs from humans, S. aureus Th17
cells also produced the suppressive cytokine, IL-10(Zielinski et al. 2012). This suggests
that while memory cells may be induced upon exposure to S. aureus in humans, such T
cells may suppress the development of protective immunity and subvert the host
response. The mechanism by which S. aureus may induce tolerance in T cells is
currently unknown, though recent studies have suggested that commensal colonizers of
the skin and gut may induce commensal-specific Tregs soon after birth in neonatal mice
and in PBMCs isolated from human neonates(Scharschmidt et al. 2015; Rabe et al.
2014; Li et al. 2015). The study of S. aureus-specific T cell responses in both an
infection and colonization models have been hampered by the lack of antigen-specific
models in which they can be studied. Thus, animal studies to date have focused on in
vitro assessment of T cell responses and re-stimulation using specific S. aureus
antigens or whole, killed bacteria. Indeed, in vivo models in which S. aureus priming of
the T cell response will be imperative towards advancing the field’s current

understanding of adaptive immune modulation by the pathogen.

Immunity to S. aureus in animal models
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Immunity to pathogens is driven by both the innate and adaptive immune
systems. Through recognition of conserved pathogen associated molecular patterns
(PAMPs), innate immune cells are activated to respond appropriately. Presentation of
antigenic epitopes to T and B cells, and provision of costimulatory and cytokine signals
then drives the adaptive immune response towards the development of memory against
the invader. Differences in tissue specific environments and innate immune cells may
drive unique responses against the same pathogen. S. aureus infection elicits
differential responses depending on the nature of the infection.

The innate immune system’s initial responses are dictated by the recognition of
conserved, pathogen associated molecular patterns (PAMPS), signatures which S.
aureus shares with other pathogenic bacteria. Notably, Toll-like receptors (TLRS),
peptidoglycan receptor proteins (PGRPs), Nucleotide-binding oligomerization domain
containing 2 (NOD2) and TNFR1, which curiously binds S. aureus Protein A, are the
relevant pattern recognition receptors which respond to S. aureus. Of the TLRs, TLR2 is
primarily implicated in host responses to S. aureus(Krishna and Miller 2012). With
expression on numerous cell types in the skin, such as keratinocytes, Langerhans cells,
dendritic cells, and monocytes, TLR2 recognizes various S. aureus components due to
its ability to form heterodimers with TLR1 or TLR6(Hoebe et al. 2005; Hashimoto et al.
2006; L. S. Miller 2008). TLR2 heterodimers recognize tri- and di-acyl lipopeptides,
which include the Gram positive cell wall component lipoteichoic acid. In addition TLR
also recognizes S. aureus peptidoglycan, and deficiency of TLR in mice demonstrate
larger skin lesions with increased bacterial burden compared to WT mice during S.

aureus infection(Ahmad-Nejad et al. 2004). This complements clinical data well, as
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TLR2 polymorphisms have been associated with an increased severity of atopic
dermatitis, which correlates with high susceptibility to S. aureus infections in these
patient populations(L. S. Miller et al. 2006).

In contrast to cell membrane based PRRs, NOD receptors are found free in the
cytosol. Relevant to S. aureus infection, NOD2 recognizes muramyl dipeptide, which is
a catabolic product of peptidoglycan in both gram-positive and gram-negative
bacteria(Elinav et al. 2011). Though S. aureus is conventionally considered an
extracellular pathogen, recent evidence supports the notion that S. aureus can invade
and persist within the cytoplasm of many cellular targets(Garzoni and Kelley 2009). In
cutaneous infection models, mice deficient in NOD2 had impaired bacterial clearance
and larger overall skin lesions compared to wildtype controls. Interestingly, the NOD2
host response was dependent on S. aureus a-toxin, which was demonstrated to
facilitate entry of S. aureus into the cytoplasm via pore formation in cellular
membranes(Frodermann et al. 2011).

Once innate immune cells have encountered the invading pathogen, antigen
presenting cells activate the adaptive immune system through priming of T and B cells.
As aforementioned, the role of B cells and antibodies in protection against S. aureus
infection is controversial in humans, as XLA patients do not appear to have an
increased susceptibility to S. aureus infection. Mouse models of infection support this
observation, as neither B cell nor antibody-deficient mice display worsened phenotypes
in various models of S. aureus infection(Gjertsson et al. 2000; Schmaler et al. 2011a;
Gaidamakova et al. 2012). However, vaccine candidates have had remarkable success

in protection against S. aureus disease in animal models, though this does not translate
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to human trials. While antibodies may play a role, it is likely that successful
immunization strategies will require the incorporation of other immune cells.

Recent work comparing the susceptibility of C57BL/6 mice and Balb/C mice after
primary skin infection demonstrated that S. aureus cutaneous infection could induce
antibody-mediated protection that was CD4 T cell dependent: only Balb/C mice
generated protective antibodies(Adhikari et al. 2012). Furthermore, when CD4 T cells
from skin challenged Balb/C mice were transferred to naive hosts, a partial reduction in
lesion size was observed during skin challenge, suggesting that memory CD4 T cells
could be generated after primary skin infection. Why such drastic differences were
observed between these two genetic backgrounds is unclear, though the authors
proposed a difference in skewing of T helper responses: Balb/C mice produced Th17
biased responses, while C57BL/6 mice appeared to produce higher Thl responses
during skin infection.

CDA4 T cell responses to S. aureus have been found to be both protective against
infection and deleterious to the host. Each of the canonical T helper subsets have been
implicated in S. aureus disease, with various implications and cautionary lessons for
future vaccine initiatives which aim to utilize T cell memory responses. Interestingly, the
context in which Thl, Th2, Thl7 and Treg responses are elicited is dependent on the
tissue site of exposure.

S. aureus infection can elicit Thl responses, which have the potential to be either
beneficial or detrimental. Initially, Th1 responses were found to improve control of
septicemia in murine models, with enhanced IFNy and TNFa production correlating with

improved bacterial clearance and reduced mortality(Guillén et al. 2002). Indeed, Thl
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immunity seems to be protective in vaccine-induced Thl responses against S. aureus
antigen. CD4 T cell IFNy production was required for protection in a systemic infection
model post vaccination(L. Lin et al. 2009). Vaccination with S. aureus extracellular
vesicles also induced Th1l responses, which were sufficient for protection in a
pneumonia model(Choi et al. 2015). Finally, a recent study demonstrated that adoptive
transfer of S. aureus-specific Thl cells was protective in naive mice in a murine model
of recurrent S. aureus peritonitis(Brown et al. 2015). However, the protective efficacy of
Th1 responses should be met with caution, as other studies have hinted at the potential
detriments of vaccine-induced Th1l responses. Mice which were vaccinated with heat-
killed S. aureus had worsened disease phenotypes following intravenous infection,
despite the presence of IFNy production by CD4 T cells(Schmaler et al. 2011b).
Corroborating these results, increased mortality was observed in mice vaccinated with
lethally irradiated, whole-cell vaccines after intravenous challenge in CD4 T cell IFNy
dependent manner(Karauzum and Datta 2016). Taken together, Thl responses can be
protective or detrimental, which may depend on a multitude of factors that must be
considered prior to implementation in a human vaccination setting.

Primarily implicated in parasite control, allergy, autoimmunity and atopic
diseases, Th2 immunity has been associated with S. aureus disease through
colonization on patients with prevalent inflammatory skin disorders. Skin colonization
and infection by S. aureus is a virtually universal morbidity of atopic dermatitis (AD), a
Th2 driven autoimmune disease(Hamid, Boguniewicz, and Leung 1994; Boguniewicz
and Leung 2011). Due to the ability of Th2 cytokines to dampen AMP expression, gross

over-colonization with S. aureus is thought to be due to, in part, the lack of antimicrobial
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activity at the skin surface(Howell et al. 2006; Nomura et al. 2003; Kisich et al. 2008). In
addition, S. aureus colonization may also perpetuate AMP suppression, as
staphylococcal cell wall components, such as LTA and peptidoglycan have been shown
to induce Th2 responses, creating a potentially vicious cycle of Th2 permanence at
atopic dermatitis lesion sites(Schlievert et al. 2010; Matsui and Nishikawa 2012, 2002).
Thus, Th2 responses may be deleterious in the context of S. aureus related diseases.
The field at large has only begun to dive into the relevance of Th17 cells in S.
aureus disease, especially in the context of skin and respiratory infection. Th17
cytokines IL-17A, IL-17F and 1I-22 promote AMP production, neutrophil recruitment and
enhance epithelial cell function during infection. The role of Th17 cells was first
suggested through the use of IL-17A and F deficient mice, which were highly
susceptible to S. aureus mucocutaneous infections(Ishigame et al. 2009). Follow up
studies demonstrated that IL-17A from yé T cells were crucial in controlling S. aureus
burden and lesion size during primary, subcutaneous infection, solidifying their role as
critical innate immune cells in barrier tissue defenses. Importantly, IL-17A deficiency
does not appear to increase susceptibility of hosts to S. aureus systemic challenge,
highlighting a role for IL-17A action in barrier and mucosal sites(Ishigame et al. 2009;
Henningsson et al. 2010; Narita et al. 2010). The importance of IL-17A in adaptive
immune responses is apparent due to protective function of from vaccine-induced, S.
aureus specific Th17 cells in both skin and systemic models of infection(L. Lin et al.
2009; Narita et al. 2010; Joshi et al. 2012). Indeed, antibody-mediated immunity was
significantly enhanced through the incorporation of a TLR7 agonist which induced Thl

and Th1l7 cells against S. aureus(Bagnoli et al. 2015). Furthermore, Hla-dependent
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induction of Th17 responses indicates a role for Th17 cells in S. aureus pneumonia,
though depletion of Th17 cells appears to improve outcomes. As is the case with Thl
immunity, control of IL-17 production by CD4* T cell is important to prevent protective
immunity from becoming pathological in nature. However, the implication for Th17
immunity in S. aureus infection is strong, considering that Th17 depletion in HIV-
infected patients early during the course of disease dramatically increased the incidence
rate of S. aureus SSTI(Hidron et al. 2010; Prendergast et al. 2010). In support of this,
AD patients also exhibit decreased IL-17 responses and associated cytokines, and
decreased antimicrobial peptides at lesions sites, which may facilitate S. aureus
colonization(Guttman-Yassky et al. 2008). Furthermore, psoriasis patients appear to
harbor improved resistance to S. aureus infection, potentially due to the heightened
Th17 responses displayed in these patients(Guttman-Yassky et al. 2008). Taken
together, IL-17 responses from both the innate and adaptive players are critical in S.
aureus control at skin and mucosal sites. Their role in control of S. aureus infection in
human disease, albeit through indirect clinical evidence, suggests that vaccine trials
which target the Th17 pathway may hold great promise. Still, the exact contribution of
IL-17 mediate immunity in human S. aureus disease remains to be elucidated.

Despite a strong understanding of basic adaptive immunity, the antigen-specific
S. aureus responses, especially in the realm of T cell immunity, have been difficult to
address. Though various T cell subsets have been implicated in protection to S. aureus
infection, the means by which S. aureus may induce or suppress these responses
remains elusive. Studies which can demonstrate the generation or perturbation of

immunity to S. aureus in a variety of tissue contexts will allow the field to understand
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how the pathogen alters immunity in physiologically relevant manners. Such
investigation may poise one to design rationale vaccines that account for the full extent

to which S. aureus perturbs tissue specific immunity.

Mechanisms of immune evasion

S. aureus employs multiple mechanisms by which immunity may be suppressed.
Of them, the most well studied toxins which compromise T cell function are the
superantigens, which have been the classic example of the S. aureus-T cell interaction.
Genome-wide analysis of S. aureus variants reveals 23 superantigen genes, which
encode enterotoxins (SEs), enterotoxin-like proteins (SEls) and the toxic shock
syndrome toxin-1 (TSST-1). Superantigens act through binding of MHCII molecules to
the VB elements of a3 T cell receptors, stimulating an aberrant T cell response. The
action of any given superantigen can affect up to 20% of the whole T cell
repertoire(Broker, Mrochen, and Péton 2016). In rare cases of toxic shock, this
simultaneous activation of the t cell repertoire can result in a life-threatening cytokine
storm, which is thought to suppress the activation of antigen-specific T cell responses.
These superantigens are ubiquitous, as approximately 80% of S. aureus strains,
including commensal and pathogenic isolates, harbor the genes encoding them(Broker,
Mrochen, and Péton 2016). Despite this, toxic shock syndrome is a rare condition, with
a yearly incidence approximately 3 to 7 individuals per million people in the
USA(DeVries et al. 2011). Superantigens also appears to be immunogenic in studies
observing the antibody responses in mildly infected and colonized patients, with the

latter having improved outcomes in sepsis infection(J. Kolata et al. 2011; Holtfreter et al.
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2006). This raises the possibility that superantigens may promote S. aureus colonization
and minor infections in order to facilitate bacterial persistence, colonization and
continued transmission from host to host.

The production of suppressive cytokines and the induction of Tregs are another
means by which S. aureus may perturb the development of protective immunity and
dampen overall immune responses. Peptidoglycans have been demonstrated to elicit
the release of IL-10 in monocytes and monocyte-derived macrophages, while IL-12 and
IL-23 are induced in monocyte-derived dendritic cells in vitro(Frodermann et al. 2011,
Belkaid and Tarbell 2009). Depending on the APC encountered, the immune response
may differ as tissues will be composed of local, unique APCs. Furthermore, it was
recently shown that phenol-soluble modulins, appear to favor the differentiation of Tregs
in vitro(Schreiner et al. 2013). Taken together, S. aureus appears to utilize multiple
mechanisms by which T cell function can be suppressed or altered for the pathogen’s
advantage.

Adaptive immunity may also be altered through the manipulation of B cells
responses. Antibodies play a crucial role in opsonizing bacteria, neutralizing toxins and
enhancing or suppressing innate immune function. Though many antibodies are
produced against a variety of virulence factors, surface anchored proteins, and non-
protein antigens expressed by S. aureus, the ability of S. aureus to evade them is best
illustrated through the existence of staphylococcal protein A (SpA), which binds
immunoglobulins on the Fc and Fap portion of antibodies, preventing the antibody from
targeting S. aureus in the correct orientation and utilizing their Fc mediated effects

(Foster 2005). Recent studies have also demonstrated that SpA engages B cell
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receptors and initiates activation induced apoptotic death of Vu3* B cells in murine
models of infection(Goodyear and Silverman 2004). Mutation of SpA active regions
display virulence defects in invasive models of disease, arthritis and renal abscess
formation, indicating a major role in virulence for SpA(Palmqvist et al. 2002; Kim,
Cheng, et al. 2010; Pauli et al. 2014). Immunization against mutant, non-toxigenic SpA
allows for the production of broadly neutralizing antibodies against the pathogen,
overriding the effect of SpA produced by S. aureus. Finally, recent work in human
patient sera has demonstrated that previous exposure to S. aureus overwhelmingly
skews B cell responses towards the production of antibodies against SpA and limited
production against other antigens(Pauli et al. 2014). The immunodominance of SpA as
a B cell superantigen restricts the host response against other S. aureus virulence
factors, suggesting that antibodies detected against other antigens may be low in affinity
or function, which would explain the lack of protection against infection in patients
previously exposed. Taken together, S. aureus utilizes multiple methods by which

adaptive immunity can be directly perturbed or altered.

Hla: a modulator of immunity and disease

S. aureus utilizes a multitude of virulence factors that facilitate tissue adhesion,
immune cell evasion and modulation, and host cell injury. Among hemolysin a, or Hla, is
a 33 kDA secreted toxin which is found in virtually all clinical isolates(Berube and
Bubeck Wardenburg 2013). As a single copy on the staphylococcal chromosome, the
hla locus is conserved across S. aureus strains, and appears invariant in its primary

amino acid sequence(Tobkes, Wallace, and Bayley 1985; Tweten, Christianson, and
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landolo 1983). Utilizing chemical cross-linking and circular dichroism, studies have
revealed that Hla is composed almost entirely of 3-strands with almost no a-helical
structure. Secreted as a water soluble monomer, Hla oligomerizes into a heptameric, 3
barrel upon binding its receptor, A Disintegrin And Metalloprotease 10 (ADAM10)(Wilke
and Bubeck Wardenburg 2010a).

Electron micrograph studies revealed that the Hla oligomer is a ring-like
structure, approximately 10 nm in diameter with approximately 7 subunits and a central
pore which is 2-3 nm wide(Freer, Arbuthnott, and Bernheimer 1968; Arbuthnott, Freer,
and Bernheimer 1967; Freer, Arbuthnott, and Billcliffe 1973; Arbuthnott, Freer, and
McNiven 1973). The fully assembled Hla pore constitutes three general domains: (1) the
cap domain on the extracellular face of the toxin, which composes the pore entry site
and is exposed to the extracellular environment; (2) the rim domain which is attached to
the outer leaflet of the host cell membrane; and (3) the stem region which forms the (3-
barrel pore that penetrates the membrane(Song et al. 1996).

Expression of Hla is controlled by several global regulatory systems employed by
S. aureus(Berube and Bubeck Wardenburg 2013). Primarily, the accessory gene
regulator (agr) locus is a quorum-senseing system that controls Hla production through
the regulatory RNA molecule, RNAIlI(Peng et al. 1988; Novick et al. 1993). Briefly, the
Agr system produces a secreted autoinducer peptide (AIP), which binds its cell surface
receptor, AgrC, and then activates its response regulator AgrA. AgrA then binds to the
P3 promoter of the agr locus and activates the production of the RNAIIl molecule, and
results in the increased expression and secretion of Hla(Peng et al. 1988; Novick et al.

1993; Koenig et al. 2004; Lyon et al. 2002). Beyond the Agr system, expression levels
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can also be modulated by both the Sae and Sar regulatory systems(Xiong et al. 2006;
Reyes et al. 2011; Cheung, Chien, and Bayer 1999; Cheung et al. 1994). The complex
interplay among these various systems appears to tightly regulate the expression of
Hla, altering Hla production in response to changing environmental conditions in a
timely manner.

The molecular mechanism by which Hla bound to the surface of host cell
membranes had been controversial, owing to experimental evidence supporting either
that the toxin bound to membrane lipids or with proteinaceous receptors(Valeva et al.
2006a; Hildebrand, Pohl, and Bhakdi 1991; Cassidy and Harshman 1976). While
substantial evidence appeared to support the notion that Hla could bind lipids directly,
such results could not explain the cell type and species specific susceptibility to Hla
binding and intoxication(Cassidy and Harshman 1976; Weissmann, Sessa, and
Bernheimer 1966; Watanabe, Tomita, and Yasuda 1987; Valeva et al. 2006b).
Specifically, Hla-mediated lysis is substantially different between rabbit and human
erythrocytes, in which the former exhibits lysis at low concentrations of Hla(Berube and
Bubeck Wardenburg 2013). Utilizing the difference in susceptibility of rabbit and human
erythrocytes to lysis, ADAM10 was determined to be the proteinaceous receptor of Hla
based on the following key observations: (1) ADAM10 is precipitated by Hla from the
membrane of host cells; (2) Toxin binding and oligomerization requires ADAM10
expression; and (3) the observed species specificity of Hla-mediated lysis correlated
ADAM10 expression, such that rabbit erythrocytes expressed high levels of ADAM10, in

contrast to the absence of ADAM10 on human erythrocytes(Wilke and Bubeck
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Wardenburg 2010a). Taken together, ADAM10 acts as the proteinaceous receptor for
Hla by mediating toxin binding, assembly and function.

Hla is required in multiple murine models of lethal S. aureus disease, and
necessary for skin dermonecrosis(Sampedro et al. 2014; Wardenburg and Schneewind
2008). Genetic knockout of Hla, antibody neutralization and biochemical inhibition of
metalloproteinase activity of ADAM10 were sufficient to prevent dermonecrosis and
lethality, demonstrating Hla’s importance in S. aureus disease pathogenesis(Sampedro
et al. 2014; Wardenburg and Schneewind 2008; Powers et al. 2015). Hla intoxication of
monocytes, neutrophils and T cells induce a multitude of effects, ranging from lysis at
the highest concentrations of toxin to aberrant cytokine secretion, inflammasome activity
and apoptosis(Berube and Bubeck Wardenburg 2013). This suggests potential
mechanisms by which S. aureus evades adaptive immunity through Hla activity.

Of note, ADAM10 is expressed on a wide variety of host cells, with particularly
high levels of mMRNA expression in immune cell compartments(Berube and Bubeck
Wardenburg 2013; “Cell Atlas - ADAM10 - The Human Protein Atlas” n.d.; Ezekwe,
Weng, and Duncan 2016), and the highest expression is found in dendritic cells, NK
cells and myeloid cells. Its importance cannot be understated, as ADAM10”- mice die at
embryonic day 9.5 due to major defects in the development and
vasculogenesis(Jorissen et al. 2010; Glomski et al. 2011). Furthermore, cell-type
specific knockouts highlight the importance of ADAM10 in maintaining tissue
homeostasis. Keratinocyte targeted deletion of ADAM10 leads to perinatal lethality,
barrier impairment and the absence of sebaceous glands; the few surviving mice exhibit

hair loss, epidermal hyperproliferation and immune dysfunction(Weber et al. 2011). With
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the ubiquitous expression of ADAM10 and importance in regulating tissue homeostasis,
it perhaps is no surprise that successful commensals such as S. aureus may alter the
host environment through modulation of ADAM10 activity.

Upon binding of ADAM10, Hla induces signaling events in target cells which
result in cell-specific effects that are deleterious to the host. The small pore formed by
Hla permits the rapid release of ATP, K* ions and restricts the movement of
macromolecules across the cell membrane(Cassidy and Harshman 1976; Lizak and
Yarovinsky 2012; Bhakdi et al. 1989). One of the initial, and likely most important events
to follow toxin pore formation is the influx of extracellular calcium into the target cell.
Crucial to a multitude of cell signaling pathways, increased intracellular calcium
stimulates hydrolysis of membrane phospholipids, generation of nitric oxide in
endothelial and epithelial cells, activation of protein kinase C, and induction of NF-kB
nuclear translocation(Rose et al. 2002; Grimminger et al. 1997; Suttorp et al. 1993).
These events culminate in the production of innate inflammatory cytokines such as IL-
18, IL-6 and IL-8(Bhakdi et al. 1989; Rose et al. 2002). In combination with cell death
via pyroptosis and necrosis, these inflammatory stimuli may exert an impact on the local
tissue environment, stimulating immune cell recruitment and activation, and modulate
host immunity in ways that may be deleterious or beneficial to the host(Buerke et al.
2002; Craven et al. 2009).

Hla is known to induce inflammatory pathways and cell death, presumably
through surface pore formation and when expressed within the intracellular location in a
variety of cells, from mononuclear cells to epithelial and endothelial targets(Garzoni and

Kelley 2009; Schnaith et al. 2007; Menzies and Kourteva 2000, 2000). Recently, it has
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been shown that expression of a-toxin is required for S. aureus phagosomal escape in a
variety of in vitro cell lines, suggesting a means by why S. aureus may evade
immunity(Jarry, Memmi, and Cheung 2008; Hruz et al. 2009a; Loffler et al. 2014).
However, it appears the mammalian immune system has developed means by which to
detect this escape, as NOD2 and NOD1 mediated detection in the cytosol appears to be
dependent on the expression of a-toxin and bacterial escape from the phagosome(Hruz
et al. 2009b). Stimulation of NOD2 leads to the direction activation of NF-kB, with
downstream activation of caspase-1 and promotion of IL-1(3 release. This appears to be
important for downstream IL-6 production, which can in turn activate neutrophils for
bacterial killing. Despite this, S. aureus has been found to persist in innate immune cells
after phagocytosis(Gresham et al. 2000; O’Keeffe et al. 2015; Lacoma et al. 2017).
Specifically, S. aureus was shown to not only persist within neutrophils, but that
isolation of S. aureus-infected neutrophils was sufficient to establish infection in naive
animals(Gresham et al. 2000). Thus, in vitro demonstration of Hla activity may not be
reflective of its physiologic activity, raising the question as to what effector function Hla
may have in suppressing innate or adaptive immunity. Recent studies have suggested
that Hla may modulate the development of protective immunity in subcutaneous
infection models. Primary infection with Hla”- or inactive Hla mutant (H35L) producing
strains protected against secondary, skin challenge compared to hosts which received
primary WT infection(Sampedro et al. 2014). The same effect was achieved also
through subcutaneous administration of an ADAM10 inhibitor to the site of primary
infection, demonstrating that Hla modulates the host’s ability to develop protective

immunity after skin infection. However, the mechanism by which this occurs is unknown.

35



To our knowledge, the importance of Hla in suppressing immunity is poorly understood,

and only hints of its immune modulating function have been suggested.

Beyond the horizon: Insights that may change S. aureus vaccination strategies

The devastating mortality that is inflicted by S. aureus on the world population at
large demands new strategies which can prevent or treat S. aureus infection, as current
clinical approaches are limited. Failure to develop an effective vaccine is a testament to
our limited understanding of host-commensal interaction which occurs at both barrier
tissues and in the blood stream. The ability of S. aureus to recurrently inflict skin and
soft tissue infections suggests that the pathogen utilizes still unrecognized mechanisms
to suppress immunity after the first infectious encounter.

We report that skin specific dendritic cells are depleted during subcutaneous
challenge with S. aureus, which suppresses proper activation and function of antigen-
specific CD4 T cell responses. To investigate antigen-specific CD4 T cell responses to
S. aureus, we utilized the OT-Il transgenic T cell system in combination with a USA300
strain that secretes chicken egg ovalbumin (OVA). Given differential recurrence rates
between patients who experience SSTIs and invasive disease, we hypothesized that
antigen-specific CD4 T cell responses would be suppressed during skin infection. We
observed Th1 differentiation following invasive challenge to USA300, with memory cell
persistence and active re-call responses to subsequent infections. Primary skin infection
failed to induce T helper subset cytokines. Furthermore, while OT-lIs did express CD44
early on, we did not observe an active re-call response during re-challenge, suggesting

that skin infection failed to induce a functional memory response. The failure of skin
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infections to induce OT-Il responses correlated with the loss of skin-resident, migratory
dendritic cells (mDCs): Langerhans cells (LCs) and CD11b* dermal dendritic cells were
the most affected subsets. Infection with an Hla- mutant, and antibody blockade of Hla
rescued DC populations in both the skin and skin draining lymph nodes. Furthermore,
skin infection with an Hla- mutant that expressed OVA resulted in the enhanced
formation of effector and central memory cells during primary infection, which we
hypothesize will be responsive to re-challenge infection. These data demonstrate that
Hla targets skin-resident DC populations, and suppresses the priming of antigen-
specific CD4 T cell responses following skin infection. Furthermore, S. aureus-specific,
CD44" memory T cells were severely reduced in number following re-challenge,
suggesting that they were either deleted or rendered anergic. To our knowledge, this
work is the first demonstration of an antigen-specific system by which adaptive immune
responses can be studied in vivo with cellular resolution. We demonstrate that S.
aureus provokes differential responses that are tissue specific, and observe a failure to
induce antigen-specific CD4 T cell memory and subset differentiation following skin
infection. This corresponds with a lack of antibody titers against Hla and a failure to
protect the host during secondary skin infection. Furthermore, these findings are
corroborated by previous studies which demonstrate minimal antibody responses
following S. aureus infection in both animal models and human sera. As CD4 T cells are
required for the production of high affinity antibody, the failure to induce a response
following skin infection reveal a complementary mechanism by which protective

antibody responses are perturbed, in conjunction with SpA activity.
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Finally, the loss of antigen-specific CD4 T cells following primary skin infection
suggests that such cells were either rendered anergic or deleted. This implies that skin
infection can alter the adaptive immune landscape of the host, rendering the host
almost absent of antigen-specific CD4 T cells by which immunity can be imprinted.
Thus, continual exposure to S. aureus may guarantee a suppressed host response,
rendering vaccination attempts ineffective at producing high-affinity antibody due to a
lack of essential immune players in S. aureus exposed hosts. We believe these
observations begin to elucidate the mystery of recurrent S. aureus infections, as skin
and soft tissue infection paradoxically does not allow for the development of protective
immunity. Taken together, we propose that childhood immunization against Hla will not
only protect hosts from the clinical outcomes of S. aureus infection, but also allow for
skin-resident DCs to prime effective, adaptive immune responses against S. aureus

specific antigens.
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Chapter I

PROTECTIVE IMMUNITY TO STAPHYLOCOCCUS AUREUS RE-CHALLENGE IS

TISSUE DEPENDENT

Introduction

Clinical evidence suggests that recurrence rates of infection with S. aureus may
depend on the initial route of infect. Curiously, patients who have experienced at least
one S. aureus SSTI frequently experience recurrent S. aureus infections compared to
previously uninfected household contacts, with recurrence rates exceeding 50% in
some populations(Tong et al. 2015; L. G. Miller et al. 2015). Larger scale studies
support these findings, as healthy patients with S. aureus infections had higher rates of
acquiring another soft tissue infection cause by S. aureus than patients who did not
report S. aureus infections(Bouvet et al. 2017). Collectively, clinical studies point to
currently undefined mechanisms by which the adaptive immune system is suppressed
during skin and soft tissue infection, as patients are unable to generate protective
immunity. In contrast, the re-infection outcomes following invasive disease have
observed a lower incidence of recurrence. Of note, patients with invasive infections
displayed higher convalescent titers against Hla and PVL than patients who recovered
form cutaneous infection(Fritz et al. 2013). Subsequent infection risk was comparable
between primary and recurrent cutaneous infection groups. Cumulative recurrent

infection over a 12 month follow up demonstrated that while recurrences rates of
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infection was >60% in primary and recurrent SSTI cohorts, colonization only and
invasive infection groups were approximately 20%(Fritz et al. 2013). This suggests that
while cutaneous infection begets further infection, this is not true for patients which were

recovered invasive disease.

The correlates of immunity to S. aureus infection are poorly understood.
Recently, it was demonstrated that protective immunity to S. aureus skin infection could
be generated in BALB/C but not C57BL/6 mice(Montgomery et al. 2014). Though the
reason for this dichotomy was not explored in depth, it was shown that protection
required neutralizing antibody and IL-17A function. Corroborating these findings, skin
infection with a Hla deficient strain of USA300 S. aureus was found to allow for the
generation of protective immunity against WT S. aureus secondary, skin challenge,
while primary WT infection did not afford the same protection to hsots(Sampedro et al.
2014). The observation that C57BL/6 mice are able to generate protective, Thl
immunity following S. aureus peritonitis, suggests that the host does not lack the
elements needed for immunity(Brown et al. 2015). Rather, it is likely that S. aureus
employs yet unrecognized mechanisms which are more effective in the context of a
C57BL/6 skin infection. Therefore, we hypothesized that immunity to S. aureus re-
challenge is tissue-dependent, and that the potential mechanisms by which the

commensal would suppress immunity are specific to the skin.

Results

Intravenous Exposure Protects Against Secondary Challenge
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Clinical evidence suggests that S. aureus recurrence rates depend on the initial
tissue site of infection. We investigated whether immunity to S. aureus re-challenge was
dependent on the infection site(Sampedro et al. 2014). To this end, we challenged mice
intravenously or subcutaneously with USA300\LAC strains of S. aureus and allowed
them to recover (Fig 1a). Mice were then re-challenged subcutaneously and their
control of the infection was assessed 4 days later. Mice which were given primary, sub-
lethal bacteremia had smaller dermonecrotic lesions during secondary skin challenge
(Fig 1c). In many cases, dermonecrosis was completely prevented. Furthermore,
infection site bacterial burden was markedly reduced in bacteremia mice compared to
those which were skin challenged with LAC, or mock inoculated with PBS (Fig 1d).
Interestingly, primary skin challenge did not offer protection compared to PBS control,
which is consistent with previous observations(Sampedro et al. 2014; Montgomery et al.
2014). This suggests that immunity to S. aureus failed to generate during primary skin

infection, but was successfully induced following S. aureus bacteremia.

Protection against secondary infection and Anti-Hla IgG production requires CD4

T cells early during S. aureus bacteremia

We have previously shown that Hla (Hla) secretion by S. aureus is required for
dermonecrosis during skin infection(Sampedro et al. 2014). Indeed, primary intravenous
challenge produced significantly higher levels of anti-Hla IgG compared to mice that
were subcutaneously infected (Fig 1b). High affinity antibody production requires CD4 T
cell help during primary infection by providing necessary cytokine signals and co-

stimulation(Charles A Janeway et al. 2001; Crotty 2014; Ma et al. 2012). Furthermore,
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recent evidence suggests that CD4 and CD8 T cells play a critical role in early pathogen
control upon re-challenge in mucosal tissue sites(Glennie, Volk, and Scott 2017;
Schenkel and Masopust 2014; Naik et al. 2012, 2015). Thus, we hypothesized that T
cells were required for the observed protection against dermonecrosis upon secondary,
skin challenge. Therefore, we depleted hosts of CD4 T cells during primary infection
(Fig 2a). As expected, CD4 T cell depletion resulted in the absence of anti-Hla IgG in
mice that underwent intravenous infection (Fig 2b). Furthermore, early depletion of CD4
T cells resulted in the loss of protection, as these mice developed lesions comparable in
size to hosts that underwent primary skin infection (Fig 2c). Thus, tissue specific
differences in immunity to S. aureus were lost upon CD4 depletion in intravenously
challenged hosts. Together, this data demonstrates that T cells play a central role in the
development of protective immunity against S. aureus. Furthermore, generation of
immunity is tissue restricted, such that only intravenous challenge promotes protective

immune responses.

B cells are required for immunity to S. aureus re-challenge

We and others have observed that protection against S. aureus re-challenge
requires functional, neutralizing antibody against S. aureus virulence factors in a variety
of animal models?>8998.147.154.175 '|ndeed, patients with increased convalescent titers
against S. aureus virulence factors have improved mortality outcomes during invasive
disease, and appear to have lower incidence of re-infection in the case of anti-Hla and
PVL antibodies(Fritz et al. 2013). Therefore, we hypothesized that the protective

immunity generated by S. aureus bacteremia was B cell dependent. To assess this, we
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intravenously challenged either WT or uMT hosts, as uMT mice lack mature B cells. 40
days post infection, mice were given an intradermal re-challenge with S. aureus, and
lesion phenotype and bacterial CFU were assessed 4 days post infection. As expected,
no anti-Hla IgG antibodies were detected in either uMT mice or WT mice which were
primary, intradermal infection (Fig 3a). uMT mice developed large, dermonecrotic
lesions upon secondary infection, in contrast to WT hosts, suggesting that B cells were
required for the development of protective immunity following S. aureus bacteremia.
(Fig 3b, c). Bacterial burden correlated with protection against dermonecrosis, as only
WT hosts that were given primary intravenous challenge experienced a 10-fold
decrease in S. aureus CFU (Fig 3C). The data suggest that B cells are required for
control of bacterial burden and dermonecrosis during secondary, intradermal challenge

with S. aureus.

Discussion

Clinical studies suggest that the recurrent S. aureus infections is a hallmark of
skin and soft tissue infection. Patients that report to the hospital with S. aureus SSTIs
have dramatically increased incidence of re-infection(Stryjewski and Chambers 2008;
Fritz et al. 2013). This is in contrast to patients who have recovered from invasive
disease, as they have incidence rates comparable to colonized patients in lieu of re-
infection due to vascular manipulation and other invasive procedures(Ellis et al. 2004,
Korzeniowski and Sande 1982; Chang et al. 2003; Fritz et al. 2013). However, the
mechanism dictating S. aureus SSTI recurrence are poorly understood. Furthermore, a

comprehensive analysis of tissue-specific differences in the immune system’s ability to
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generate protective immunity against S. aureus is absent in the field. We provide new
evidence that immunity to S. aureus is tissue specific, and that only invasive disease

allows for the generation of protective immunity.

Recent evidence has suggested that various invasive models of S. aureus
disease may afford protection to the host. For example, Thl memory cells have been
isolated from human PBMCs, and IFNy responses were enhanced in recurrent S aureus
peritonitis models(Brown et al. 2015). Transfer of S. aureus specific Thl cells isolated
from previously infected mice, and then expanded in vitro, afforded naive hosts
protection against S. aureus peritonitis. Our work corroborates the notion that invasive
disease primes the immune system against secondary infection at barrier tissues. As S.
aureus colonizes the respiratory tract, skin and gut, breaches in barrier tissue may be
the first event preceding more severe disease. We demonstrate that previous invasive
exposure prevents the development of dermonecrosis upon secondary challenge.
Analysis of the CFU at the lesion site indicated improved control of the pathogen in mice
which were intravenously challenged with S. aureus. Furthermore, a highly organized
abscess is formed by which cellular infiltrate is contained and the skin architecture is
maintained, suggesting that the pathogen is spatially contained. This is in contrast to
mice which were given primary WT skin infection or PBS intradermal injection, as the
epidermis is completely destroyed and cellular infiltrate is disorganized across the lesion
site. These marked differences strongly suggest that adaptive immunity is primed during

the course of S. aureus bacteremia in C57BL/6 hosts.

Here, we demonstrate that both CD4 T cells and B cells are required for

protection against secondary infection dermonecrosis. Furthermore, CD4 T cells were
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required for the generation of anti-Hla 1gG, suggesting that the presumably protective
humoral response generated after intravenous infection is CD4 T cell dependent. These
data support the classic understanding that high affinity antibody responses require
CDA4 T cell help. It remains a mystery why there exists a dichotomy between the
systemic and skin response to S. aureus infection. As the loss of CD4 T cells during S.
aureus bacteremia obliterates the generation of protective immunity, our data suggests

that perhaps CD4 T cell or B cell responses may be impaired during skin challenge.

Previous studies have demonstrated that Balb/C mice and C57BL/6 hosts
differed in their ability to generate protective immunity to S. aureus after skin infection,
with the suggestion that C57BL/6 hosts may have been unable to do so due to a skew
towards Thl responses(Montgomery et al. 2014). While this remains a possibility, our
studies demonstrate that immunity to S. aureus may also depend on tissue-specific
differences that have been previously unappreciated. The ability of Balb/c mice to
generate immunity after skin infection is at odds with what is known about human
responses to S. aureus, as patients who report skin and soft tissue infection with S.
aureus suffer recurrent skin infections. While studies in Balb/c mice may reveal new, still
unknown, mechanisms that allow it to generate protective immunity post skin infection,
this difference in skin response may be a physiologic divergence that cannot be
reconciled between the mice and men. In contrast, C57BL/6 mice, like humans, appear
unable to generate protective immunity to S. aureus after skin infection, but do upon
post intravenous challenge. Like humans, C57BL/6 mice displayed high titers of anti-Hla
IgG only after intravenous infection, while SSTIs did not induce detectable ant-Hla IgG

titers(Fritz et al. 2013). This suggests that the adaptive immune response during skin
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infection is somehow impaired. These tissue-specific differences in response to
infection allow for in-depth exploration into potential S. aureus-driven mechanisms of
immune suppression that have yet to be discovered. Further studies analyzing these
differences may likely reveal why humans suffer recurrent infections after primary,

SSTls, and not after invasive disease.
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Chapter II

T CELL PRIMING AND MEMORY INDUCTION IS IMPAIRED DURING

STAPHYLOCOCCUS AUREUS SKIN INFECTION

Introduction

Efficient generation of T effector cells and T follicular helper (Tfh) cells dictate the
development of high affinity antibody production by B cells, which is key to neutralizing
toxins, opsonization of bacterial wall targets for phagocytosis by innate immune cells,
and the activation of complement pathways(Charles A Janeway et al. 2001; Crotty
2014; Ma et al. 2012). The role of Th17 cells have been of particular interest to the field,
after the discovery that IL-17A and F deficient mice were highly susceptible to S. aureus
mucocutaneous infections(Ishigame et al. 2009). Follow up studies demonstrated that
IL-17A from yd T cells were crucial in controlling S. aureus burden and lesions during
subcutaneous infection, solidifying their role as critical innate immune cells in barrier
tissue defenses. Importantly, IL-17A deficiency does not appear to increase
susceptibility of hosts to S. aureus systemic challenge, highlighting a role for IL-17A
action in barrier and mucosal sites(Ishigame et al. 2009; Henningsson et al. 2010;
Narita et al. 2010). S. aureus infection can also elicit Th1 responses, which have the
potential to be either beneficial or detrimental. Initially, Th1 responses were found to
improve control of septicemia in murine models, with enhanced IFNy and TNFa
production correlating with improved bacterial clearance and reduced mortality(Guillén
et al. 2002). Indeed, Th1l immunity seems to be protective in vaccine-induced Thl

responses against S. aureus antigen.
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Currently, no studies in the S. aureus field have been able to observe the in vivo
priming, development and formation of memory T cells. Exploration of memory cells is
restricted to in vitro T cell proliferation and cytokine responses after antigenic pulse.
Such systems do not allow for molecular and cellular analysis of memory cells during
and after infection in vivo, and permit only superficial analyses of general populations of
T cells. For responses to be detected, the T cell population analyzed must respond in
bulk, and implicit averaging of many measurements may mask subtle phenotypic
changes which can have dramatic, physiologic impact on disease. For any given
pathogen epitope, approximately 100 CD4 T cells in the entire CD4 T cell repertoire
may recognize it, resulting in a 1:10* — 1:10° precursor frequency(Ford et al. 2007;
Blattman et al. 2002; Whitmire, Benning, and Whitton 2006). This provides an extremely
narrow window for observation and kinetic analysis of the priming and memory

response in vivo.

To circumvent this problem, several methods have been developed to track
antigen-specific CD4 T cell responses. Perhaps the most well-known system for
C57BL/6 mice is the OT-Il system, which utilizes CD4 T cells that have been genetically
engineered to overexpress fixed TCR-a and (3 chains specific for the chicken egg
ovalbumin residue 323-339 in the context of MHC class Il I-AP molecule; this MHCII
molecule is expressed in C57BL/6 mice(Barnden et al. 1998). Since its genesis, the OT-
Il system, as well as other antigen-specific systems, have been used to assess in vivo
responses to pathogens, host-commensal interactions, tumor responses and peripheral
tolerance(lgyart6 et al. 2011a; Idoyaga et al. 2013; Ford et al. 2007; Broom et al. 2010;

Bertholet et al. 2005; Shaulov and Murali-Krishna 2008). As we have demonstrated that
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CDA4 T cell responses are required for the development of protective immunity, analysis
of the CD4 T cell responses may reveal tissue specific differences in T cell priming that
have yet to be appreciated. We hypothesized that CD4 T cell priming and memory
responses would be impaired following skin infection. As anti-Hla 1gG titers were absent
in mice that underwent intradermal S. aureus infection, we hypothesized that CD4 T
helper cell cytokine production would be impaired, as effector CD4 T cells provide
cytokine and co-stimulatory help to B cells prior to the production of high affinity
antibody. Thus, we generated a strain of S. aureus which constitutively expressed
chicken egg ovalbumin, and utilizing the OT-II system to track antigen-specific CD4 T

cell responses to S. aureus infection during skin and intravenous challenge.

Results

Antigen-specific CD4 T cell priming and memory formation against S. aureus is

tissue restricted

Given that S. aureus infection induced CD4 T cell dependent IgG responses
after intravenous challenge, we reasoned that S. aureus suppressed the development
of skin-specific adaptive immunity. Mechanistic understanding of how S. aureus
interferes with skin immunity is poorly understood. Moreover, research to date fails to
observe in vivo antigen-specific responses to S. aureus, and thus lacks the resolution
necessary to determine how S. aureus modulates immunity at a cellular level in specific

tissues.
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To overcome this, we decided utilized the OT-Il system in combination with a
chicken egg ovalbumin (OVA) secreting strain of S. aureus. First, we modified the pOS1
plasmid to include an enhanced translational enhancer and modified shine dalgarno
sequence, as previously described, and called it pMagic (Fig 4a)(W. G. Miller and
Lindow 1997). We then inserted our target locus in pMagic, which included the Hla
secretion signal upstream a truncated OVA gene, OVA(138-386), to create pMagic-OVA
(Fig 4a)(W. G. Miller and Lindow 1997). As a negative control, we transformed pMagic
into LAC. Utilizing these strain, we verified OVA production through western blot, and
confirmed that OVA generation did not negatively affect growth kinetics in culture (Fig

4b, c).

In order to track antigen-specific CD4 T cell responses to S. aureus infection,
we transferred 100,000 CD45.1 OT-II cells into mice one day prior to intravenous or
subcutaneous challenge with pMagic or pMagic-OVA containing strains of LAC (Fig 5a).
Most OT-lIs accumulated in their respective draining sites, with OT-lIs accumulating in
the skin dLNs (dLN) of mice which were challenged in the skin, and high OT-II
accumulation in the spleen after intravenous infection (Fig 6a, b; Fig 7a). At baseline,
approximately 250 cells (95% CI: 260.2 + 132.6) were recovered from hosts infected
with S. aureus pMagic, in which OVA antigen was not present. While S. aureus pMagic-
OVA skin infection induced a 10 fold expansion compared to baseline (95% CI; pMagic-
OVA: 2054 + 1142) on day 7, cell numbers decreased to approximately baseline 14
days post challenge (95% CI; pMagic: 199.5 + 43.55; pMagic-OVA: 329.5 + 162.5) (Fig
6a,b; Fig 7a). In contrast, intravenous infection with S. aureus pMagic-OVA resulted in

significantly higher OT-Il numbers on both Day 7 (95% CI: 5648 + 3005) and Day 14
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(95% CI: 1875 £ 1344). We next analyzed the induction of central and effector memory
cells to infection. Memory cells can be identified by the expression of CD44 and CD62L;
CD44MdhCD62L'" as effector memory and CD44Ms" CD62L"9" as central memory [ref].
Both skin and bacteremia infections induced OT-IlIs to become effector and central
memory, though invasive infection resulted in approximately 60-80% of OT-IIs harboring
an effector memory phenotype (Fig 6a, b). In contrast, OT-IlIs primed during skin
infection split evenly into effector and central memory compartments. Of note,
approximately 20% (95% CI. 23.68% * 13.16) of OT-lIs on day 14 post skin infection
remained naive, in contrast to 6% (95% CI: 6.038% £ 3.002) of OT-IIs after bacteremia
infection. Total numbers of OT-lIs recovered Taken together, this data demonstrate that
S. aureus-specific priming of T cells is tissue dependent, such that invasive infection

induces marked T cell expansion and higher frequencies of effector memory T cells.

S. aureus bacteremiainduces Thl programming

Recent literature has emphasized a role for Th17 cells in the control of
bacterial infections across a broad range of mucosal sites (Montgomery et al. 2014;
Patel and Kuchroo 2015; Khader, Gaffen, and Kolls 2009). Furthermore, Thl cells were
implicated in host protection against S. aureus invasive disease (Brown et al.
2015).Thus, we assayed our OT-lIs for T helper subset differentiation by cytokine
expression. OT-lIs from bacteremia challenged hosts expressed high levels of IFNy,
characteristic of previously reported Thl responses to invasive S. aureus infection. In
contrast, infection failed to induce IL-10, IL-17A or IFNy responses above background

(Fig 8a). This indicates that OT-lIs were unable to produce canonical Th cytokine
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responses to S. aureus skin infection despite antigen detection. Tfh cells can be surface
stained through expression of PD-1 and CXCR5(Baumjohann and Ansel 2013). Our
preliminary data suggests that bacteremia induced greater numbers of Tfth cells on day
7 compared to skin challenge, which warrants further investigation (Fig 8b). This data
would suggest that skin infection is inefficient in its induction of Tfh cells, which are
required for the development of high affinity and class switched antibody by antigen-

specific B cells during primary infection.

Primary skin infection fails to induce a long-lasting memory CD4 T cell response

that responds to re-challenge

The failure to produce significant cytokine responses, coupled with a significant
reduction in OT-Il numbers after infection resolution suggests that the initial priming of
antigen-specific T cells was impaired. Therefore, we hypothesized that OT-II re-call
responses would be observed in hosts that recovered from intravenous infection but
would not be elicited in primary skin infected mice. To assess this, we analyzed re-call
responses following skin re-challenge. Circulating CD4 T memory cells expand 3 days
post re-challenge, while the expansion of naive T cells takes 4 days or longer(Merica et
al. 2000). Knowing this, we intravenously or subcutaneously infected mice with pMagic-
OVA or pMagic containing strains of S. aureus. On day 40 post infection, mice were re-
challenged subcutaneously with pMagic-OVA S. aureus. Mice that recovered from
bacteremia produced a ~3 fold increase in OT-Il accumulation in skin dLNs 3 days post
re-challenge (Fig 9a). Consistent with this, virtually all OT-lls were CD44"d", |n contrast,

hosts which were skin challenged with pMagic-OVA containing S. aureus had the same
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numbers of OT-lIs in the skin dLNs as mice which were initially infected with pMagic,
empty vector harboring S. aureus. Furthermore, the majority of OT-IIs in skin pMagic-
OVA S. aureus primary challenged mice were naive (CD44'°% CD62L"9"). As mice were
pooled for each memory experiment, further repetitions will be needed. Our preliminary
data suggests that memory cells were decreased in skin dLNs after secondary
challenge in primary skin challenged hosts. Taken together, this data suggests that T
cell priming and memory formation during S. aureus infection is dependent on the tissue

site of infection.

Discussion

Exploration of the T cell response to S. aureus, in both animal and human
studies have been restricted to analyzing in vitro T cell proliferation and cytokine
responses after antigenic pulse. For animal studies, such systems do not allow for
molecular and cellular analysis of memory cells during and after infection in vivo, and
permit only superficial analyses of general populations of T cells. The threshold of
detection is extremely high, as changes must be visible among the bulk CD4 or CD8 T
cell population. This renders the observation of antigen-specific responses, which may
be restricted to only several hundred cells in the entire population, virtually impossible if
such changes are subtle despite producing dramatic, physiologic effects on the immune
system. To circumvent this challenge, we developed the pMagic plasmid to

constitutively overexpress a truncated form of chicken egg ovalbumin. Utilizing the OT-II
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system, we tracked antigen-specific CD4 T cell responses in the context of S. aureus

skin and invasive disease.

We demonstrate that antigen-specific CD4 T cell responses to S. aureus
infection are tissue specific. Interestingly, OT-1l numbers differed significantly at all point
after primary infection. Notably, bacteremia induced higher numbers of OT-lls compared
to skin infection. This correlated with a dramatic increase in both the proportion of
effector memory cells, and numbers of effector and central memory cells (Fig 5c¢). In
contrast, S. aureus skin infection induced fewer numbers of OT-Il memory cells at all
time points, and had a higher number of naive OT-lIs, suggesting a weaker priming of
the CD4 T cell response after infection. The data indicate that S. aureus infection in the
skin somehow fails to induce the same degree of response as invasive exposure,
despite obliterating the skin site of infection. Other infection models have demonstrated
the formation of memory CD8 or CD4 T cells post primary skin infection, thus the skin
itself does not appear to be a privileged site(lgyarto et al. 2011a; Jiang et al. 2012;
Iborra et al. 2016). However, models of commensal colonization on the skin have
demonstrated that T regulatory cells can be induced in an antigen specific manner. Our
data do not appear to suggest the formation of tolerogenic T cells, as IL-10 production
(Figure 6a) and Foxp3 expression (Figure 7) are not induced after skin infection, though
other means of suppression have not been excluded. Indeed, S. aureus bacteremia
induces Thl1 programming as IFNy expression was detected in OT-Ils. However,
canonical Thl, Th2 nor Th17 cytokines could not be detected after skin infection above
background levels. Our preliminary assessment of Tth differentiation also implies that S.

aureus bacteremia induces higher numbers of Tth cells, which are required for the
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production of high affinity antibody, as signals IL-21 and CD40L are all provided by Tfh
cells to B cells during the affinity maturation and isotype class switching stages of B cell
germinal center responses(Ma et al. 2012). Collectively, this demonstrates that while
the immunity at the skin site can be induced in other infection models, S. aureus is an

exception, and functional T cell immunity does not appear to be generated.

In addition to Tfh, effector T cell subsets are implicated in the control a variety of
pathogens, and cytokines produced by them are critical in inducing proper antibody
class switching in B cells(Mongini, Paul, and Metcalf 1982; Lange et al. 2012). The
absence of effector T cell subsets imply that a lack of high affinity, class switched
antibody would be produced against S. aureus antigens during skin infection. This
mirrors what we and others have observed, as skin infection does not appear to
produce robust antibody responses in C57BL/6 hosts and do not develop protective
immunity. The same appears to be true regarding T cell memory. While memory cells
do appear to be formed to some degree during skin infection, they do not accumulate in
the lymph node upon re-challenge compared to background levels. Interestingly,
majority of OT-lIs recovered from the lymph nodes of primary skin infected mice after
skin re-challenge were naive. This was in stark contrast to OT-lIs recovered from the
draining lymph nodes of intravenously infected mice which were re-challenged on the
skin, as there was an approximately 3 fold increase in recovery and the majority were
CD44* memory cells. Therefore, while antigen is clearly observed by OT-II cells
following skin infection, the induced CD44* cells appear to be transient in existence, as
they do not respond to re-call. This has interesting implications in vaccine strategy, as

most vaccine trials to date have been attempted in adults, or have used passive transfer
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of antibodies isolated from adults with high titers against S. aureus antigens(V. G.
Fowler and Proctor 2014). Based on our observations, we hypothesize that patients that
have been infected with S. aureus, perhaps repeatedly, may have a low frequency of S.
aureus-specific, naive CD4 T cells that vaccines can utilize. In support of this theory,
recent evidence suggests that S. aureus specific CD4 T cells appear to have plasticity
in their functionality, as they can produce both immune activating and suppressive
cytokines(Zielinski et al. 2012; Alegre et al. 2016; Leech et al. 2017). Thus, S. aureus-
specific CD4 T cells may be anergic or altered in function from previous encounters with
the pathogen, preventing proper development of a protective immune response during
vaccination. Indeed, the one trial which seemed to suggest some promise was a trial in
which humanized, mouse chimeric monoclonal antibody against LTA was passively
infused into low birthweight infants, and tested for the prevention of late on-set
sepsis(Weisman et al. 2011). In this case, antibody production against S. aureus was
not done in an environment by which the pathogen could manipulate the immune
response. Taken together, our insights point to the importance of targeting future
vaccine trials at the pediatric population, as they are less likely to have been exposed to

S. aureus in an infectious context compared to adults.
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Chapter III

T CELL PRIMING AND SKIN-SPECIFIC DENDRITIC CELLS ARE MODULATED BY

STAPHYLOCOCCUS AUREUS HLA

Introduction

The skin is a tightly regulated, dynamic barrier which interacts with both
pathogenic and commensal microbes. Dendritic cells of the skin constantly survey the
environment, and are specialized in their ability to induce tolerance or T helper subset
differentiation. There are 3 general DC subsets in the healthy mouse skin, all of which
express CD11c and MHC class II; epidermal Langerhans cells (LCs), CD11b* dermal
dendritic cells (DDCs) and CD207*(Langerin) DDCs(C. C. Chu, Di, and Nestle 2011).
The human and murine skin DC network appears to be highly conserved, as both

species harbor analogous populations(Clausen and Stoitzner 2015).

Functionally, antigen-specific CD4 and CD8 T cell studies, in combination with
specific DC subset ablation, have demonstrated that each skin DC subset has a
multitude of roles in inducing T cell immunity and tolerance. LCs are necessary and
sufficient for the induction of Th17 but not for the priming of CD8 cytotoxic lymphocytes
(CTLs) in a Candida albicans and S. aureus infection model by which antigen was
exogenously provided prior to infection(lgyarté et al. 2011a). However, the idea that LCs
are dedicated to priming T cell immunity is challenge by the observation that LCs have
been implicated in a plethora of studies observing LC dependence of immune

suppression in the skin(Romani, Brunner, and Stingl 2012b; West and Bennett 2018;
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Price et al. 2015b; Gomez de Aguero et al. 2012; Igyarto et al. 2009). In the absence of
Langerin® dDCs, “classical” DCs, which consist of the Langerin- CD11b dDCs and
Langerin'CD103" CD11b" dDCs, are sufficient to induce Th17 programming, though
CD11b dDCs have also been noted to induce Th1l immunity in viral infection
models(Zhao et al. 2003a). Furthermore, Langerin® dDCs were required for the
generation of antigen specific CTL and Th1l responses. Langerin®* dDCs appear to also
inhibit the ability of LCs and, from inducing Th17 programming in antigen specific CD4 T
cells(lgyarto et al. 2011b). Generally, Langerin* dDCs have been implicated in
instructing Th1l immunity in mucosal sites and cross presenting antigen to CD8 T

cells(Igyarto et al. 2011a; Kaplan 2010; Liang et al. 2016).

Despite their designation as “classic” dDCs, this population of Langerin- dDCs is
heterogenous, composed of CD11b" and CD11b* dDCs, and their functions are poorly
understood. In addition to their aforementioned roles in Th17 and Th1l immunity, skin
and lung CD11b* CD103  dDCs were found to have the ability to produce retinoic acid
(RA), which was previously thought to be produced by CD103* dDCs in order to induce
peripheral T regulatory cells (iTreg) (Guilliams et al. 2010; Igyarté et al. 2011b). These
RA-producing DCs were found to be capable of generating iTregs, and provides a
mechanistic explanation for the large numbers of Foxp3* Tregs which are present in the
dermis during both steady-state and inflammatory environments(McLachlan et al. 2009;
Dudda et al. 2008). This suggests that classical DCs not only have tolerogenic potential
but may also play a role in priming protective immunity under certain inflammatory

conditions.
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The mechanisms by which S. aureus may manipulate DC function are unclear.
Purified staphylococcal enterotoxin A or exfoliative toxin lead to the significant depletion
of LCs, though genetic knockout of either of these genes was not tested in a S. aureus
infection(Pickard, Shankar, and Burnham 1994). Furthermore, staphylococcal
enterotoxin B was demonstrated to increase the expression of T cell immunoglobulin
mucin domain 4 on dendritic cells, which ligates to TIM1 on CD4 T cells and drives Th2
subset differentiation(al n.d.). However, as in previous studies demonstrating the effects
of superantigens on DC function, the investigators co-cultured purified toxin with human
DCs, and then assessed their ability to prime naive CD4 T cells. Thus, the in vivo and
physiologic relevance of these studies is difficult to assess without the use of genetic

knockouts of S. aureus in live infection models.

In vitro analyses have also suggested that (PSM) peptide toxins, which are highly
expressed in MRSA, bind formyl peptide receptor (FPR) 2 on DCs. PSM treated bone
marrow derived DCs (BMDCs) showed reduced secretion of TNF, IL-12, and IL-6 while
IL-10 expression was enhanced. Consequently, IL-10 producing DCs were
demonstrated to inhibit Th1 priming in vitro and instead skew priming towards Treg
induction(Schreiner et al. 2013). However, in vivo testing was not performed in order to

verify whether the proposed mechanisms occurred during live infection.

Recently, S. aureus was shown to utilize leukocidins as a means of directly
killing dendritic cells in order to avoid immune clearance. Initially, Leukocidin A/B
(LukAB) was demonstrated to be responsible for the intoxication of monocyte-derived
DCs, and that both LukA and B components were required for potent killing of DCs.

Notably, S. aureus strains lacking lukAB were severely impaired in their ability to kill
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phagocytes during a murine infection model, and is upregulated in the abscess during
skin infection. Indeed, genetic knockout of luKAB severely inhibitied bacterial survival at
the site of infection, which correlated with higher numbers of PMNs and
macropahges(Dumont et al. 2011). Leukocidin ED was recently confirmed to bind to
CCRS5 and mediate the killing of CCR5" T cells and myeloid cells in vivo(lii et al. 2013).
Impressively, CCR5-deficient mice were resistant to lethal S. aureus infection,
demonstrating the importance of CCR5 in S aureus lethal disease. Furthermore, these

studies marked some of the first in vivo evidence of DC targeting by S. aureus.

Hla, which is highly expressed in the most common clinical strain USA300, has
been shown to mediate its lytic and sublytic effects through binding of its receptor,
ADAM10. As ADAM10 is almost ubiquitously expressed, the receptor is poised as a
prime target for S. aureus to manipulate its function. Few studies have observed the
effect of ADAM10 on dendritic cells in disease models. A recent study demonstrated
that loss of ADAM10 signaling in DCs dampens Th2 responses in an allergic asthma
murine model, suggesting that inhibition of ADAM10 activity can suppress allergic
responses in susceptible patients(S. Damle, Martin, and Conrad 2016). However, a
plethora of in vitro investigation points to the potential for Hla in directly lysing or
modulating APC function at mucosal sites of infection, where tissue-specific DCs are
localized. Indeed, depending on the concentration of toxin, monocytes and neutrophils
have been reported to undergo aberrant inflammasome activation, cytokine and
chemokine secretion, decrease phagocytosis and lysis(Berube and Bubeck

Wardenburg 2013). As dermonecrosis and keratinocyte death are hallmarks of S.
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aureus skin infection with Hla producing strains of S. aureus, lysis of DCs is a likely

outcome, though studies to date have not investigated this potential phenomena.

Collectively, these studies suggest that S. aureus may modulate antigen
presentation by skin dendritic cells during infection. However, the lack of antigen
specific models by which the activity of DC-T cell interactions can be tracked has
prevented the field from determining which activities are physiologically relevant during
infection. Given that antigen-specific CD4 T cell responses were impaired during skin
infection, we hypothesized that Hla inhibited DC presentation of antigen or co-
stimulation to T cells. We propose that Hla lyses DCs at the skin site, preventing mature

DCs from migrating to the skin and efficiently presenting antigen.

Results

Skin-resident Dendritic Cells are Targeted by Hla

We have previously shown that primary skin infection with either isogenic
USA300/LAC hla::erm (Ahla) or pH35L(Ahla/phlanssi) harboring LAC strains of S.
aureus, which produce an inactive form of the toxin, protect hosts against secondary
skin challenge(Sampedro et al. 2014). This suggests that Hla may modulate the
development of protective immunity. Given that failure to induce protection and CD4 T
cell memory was restricted to the skin, we hypothesized that Hla inhibited dendritic cell
(DC) cross talk with CD4 T cells during primary infection. This could be through loss of
DC populations, absence of co-stimulation, or failure of DCs to produce necessary

cytokine signaling for T helper cell differentiation(Naik et al. 2015; Manicassamy and
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Pulendran 2011, Belz 2008; Lu, Wang, and Linsley 1997; Idoyaga et al. 2013). In the
skin, DC populations can be segregated into dermal CD11b* and CD103* DCs, and
epidermal Langerhans cells(Platt et al. 2013; Vermaelen et al. 2001). To assess, we
subcutaneously infected hosts with either phosphate buffered saline (PBS), LAC or LAC
hla::erm mutant strains, and assessed both skin site and draining lymph node DC
populations 4 days post infection. Compared to PBS control, CD11b* DDCs and LCs
were significantly reduced at both the site of infection and skin dLNs, while CD103*
DDCs were unaffected after LAC infection (Fig 11). CD11b* DDCs and LCs were
rescued during infection with LAC hla::erm mutant strains, suggesting that these were
targets of Hla-mediated destruction. Application of FITC dye to the skin of mice allows
tracking of skin-specific dendritic cells to the dLNs(Platt et al. 2013; Vermaelen et al.
2001). If Hla directly targeted DCs, we would expect that skin-resident, FITC* DCs
would fail to accumulate in the skin dLNs during WT LAC infection. To assess, FITC dye
was then painted onto the skin of mice immediately before intradermal infection with
either WT or hla::erm mutants. DC migration was analyzed 4 days later in the skin
dLNs. A trend towards increased FITC* Langerhans cell accumulation was observed in
LAC hla::erm infections (Fig 12b) compared to WT. In addition, a higher accumulation of
CD11b dDCs was observed during LAC hla::erm infections compared to WT. FITC dye
did not appear to accumulate in CD103* dDCs. Taken together, these data suggest that

impaired DC migration from the skin site of infection is Hla dependent.

Passive and Active Immunization against Hla protects skin DCs
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Previously, we demonstrated that the Hla receptor, ADAM10, is required for toxin
function and lysis(Wilke and Bubeck Wardenburg 2010a; Inoshima et al. 2011). To
determine whether blocking of Hla action would rescue these DC populations, we
passively immunized hosts with rabbit polysera specific for the inactive mutant of Hla,
H35L. Currently, our data demonstrate that there is a trend towards higher accumulation
of Langerhans cells in the skin in mice which received rabbit polysera specific for the
inactive mutant of Hla, though these pilots were underpowered. On-going investigation
will demonstrate whether serum of immune sera will protect DC populations in the skin.
Furthermore, immune sera from mice which received either skin or intravenous S.
aureus infection will be passively transferred to naive hosts in order to determine
whether endogenously generated antibody can protect skin DCs. These experiments

may demonstrate that anti-Hla antibody can mediate DC protection.

Our data demonstrate that S. aureus infection in naive hosts will deplete skin
specific DCs and potentially prevent efficient priming of the adaptive immune system.
Thus, vaccination against Hla may not only prevent dermoncrosis as previously
reported, but also protect DCs and allow for the restoration of adaptive immune priming
during S. aureus SSTI(Kennedy et al. 2010; Sampedro et al. 2014). In vaccinated hosts
naive to S. aureus, subsequent challenge with the pathogen may serve as an
immunogenic boost against S. aureus antigens, rather than a suppressive encounter.
To demonstrate that active immunization against Hla would induce sufficient antibody
response to protect skin DCs, mice were immunized with alum alone or suspended with
H35L (20 pg per mouse) and boosted 14 days later. 7 days after the boost, mice were

subcutaneously infected with WT S. aureus. Vaccinated hosts exhibited increased
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accumulation of CD11b* dDCs and Langerhans cells in the skin draining lymph nodes
(Fig 14b). Furthermore, vaccinated hosts displayed increased accumulation in all DC
subsets at the skin site (Fig 14a). This data demonstrate that vaccination against Hla
alone can protect DC populations in the skin and allow for the subsequent accumulation

of DCs into the skin draining lymph nodes during S. aureus infection.

Hla suppresses T cell priming, site accumulation and memory induction during

skin infection

Both LCs and CD11b* dDCs have been shown to be sufficient to induce Th17
responses(Sampedro et al. 2014). Furthermore, CD11b* dDCs play role in the induction
of Th1 immunity in other mucosal infection models(Zhao et al. 2003b). Thus, we
hypothesized that Hla may directly suppress antigen presentation, T helper subset
differentiation and memory induction through the destruction of these skin resident
dDCs, as they appeared the most affected. Therefore, we hypothesized that skin
infection with a LAC hla::erm mutant harboring pMagic-OVA should rescue T helper cell
differentiation in the absence of Hla, as skin DCs will then be able to carry out their
normal function. OT-II cells were transferred into naive hosts prior to infection with
either WT or LAC hla::erm mutant harboring pMagic-OVA. Preliminary data
demonstrate that a high accumulation of effector and central memory OT-lIs were
observed day 7 post LAC hla::erm infection, but not WT infection (Fig 15a, b). This
suggests that the initial priming of memory OT-IIs is restored in the absence of Hla. If
this is true, we should also observe a restoration of T helper subset differentiation

following skin infection and long-last memory T cells which can respond to re-challenge
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infection. Furthermore, OT-lIs were observed to accumulate at the skin site of infection
during LAC hla::erm infection but not after WT infection, suggesting that Hla may affect
migration or accumulation of OT-lIs at the site of infection (Fig 16a, b). Finally,
preliminary analysis of cytokine production on day 14 post infection revealed that Thl
subset differentiation was rescued during LAC hla::erm pMagic-OVA infection, as an
increase in IFNy induction was observed in OT-lIs compared to OT-llIs isolated from WT
infection (Fig 17a). A trend towards IL-17A induction was also observed, though further
investigation with larger sample sizes is needed. Taken together, our preliminary data
suggests that Hla suppresses the priming of T cell memory, accumulation of antigen-
specific CD4 T cells at the site of infection and Th1 subset differentiation during skin

infection.

Discussion

Our lab has previously described that skin infection with LAC hla::erm mutant
protected hosts against secondary skin challenge with WT S. aureus(Sampedro et al.
2014). Knowing that Hla is a known mediator of cellular lysis among a diversity of host
cell types, we demonstrate that migratory dendritic cell accumulation in the skin draining
lymph nodes after WT S. aureus infection was reduced in an Hla dependent manner.
Both the skin site and draining lymph nodes demonstrated total migratory DC reduction
following skin infection with WT S. aureus. The most affected subsets were CD11b*
dDCs and Langerhans cells, both of which have been implicated in Thl and Th17
immunity, respectively. In contrast, CD103* dDCs did not appear to be infected in the

skin nor draining lymph nodes, though function of skin DCs was not performed.
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Significant loss of these populations was also observed at the site of infection, which
suggested that DCs may be lysed by Hla during infection. Indeed, infection with LAC
hla::erm mutant demonstrated an accumulation of DCs in the skin draining lymph nodes
and rescue of the DC population at the skin site. In order to demonstrate that DC
migration from the skin to the draining lymph node was impaired, FITC* DCs were
tracked after infection with either WT or LAC hla::erm mutant S. aureus. We observed
that CD11b* dDC trafficking was impaired following WT infection, but rescued during
LAC hla::erm infection. A trend towards higher accumulation of FITC* LCs was
observed following LAC hla::erm infection as well, suggesting that the migration of both
populations may be rescued in the absence of Hla. Taken together, this data
demonstrate that Hla impairs the migration of DCs to the skin draining lymph nodes,
and depletes DCs at the skin site of infection. The loss of LCs and CD11b* dDCs may
result in the downregulation of either Th17 induction or Thl priming of S. aureus-
specific CD4 T cells, which would impair the development of both a protective antibody
response and functional T cell memory. Indeed, infection in the skin with an LAC
hla::erm mutant allows or the development of protective immunity against re-challenge,
suggesting that Hla affects adaptive immunity. Thus, the lysis of S. aureus “educated”
DCs may prevent proper antigen presentation and impair the delivery of necessary

costimulatory factors and cytokines to S. aureus-specific T cells.

As DCs are impaired in an Hla-specific manner, we investigated whether passive
transfer of immune sera or active immunization against Hlanss. would protect DC
populations during WT S. aureus infection. A trend towards DC protection in the skin

has been observed in small pilots in which immune sera from Hlanss. immunized rabbits
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was passively transferred to naive mice, followed by skin infection with WT S. aureus.
Active vaccination against HlaH35L significantly enhanced the accumulation of all DC
subsets at the skin, and in particular increased the accumulation of CD11b* dDCs and
Langerhans cells in the draining lymph nodes during WT S. aureus infection. Taken
together, these results demonstrate that vaccination against Hla can bolster DC
accumulation in the lymph nodes during S. aureus infection and protect DCs in the skin
from Hla mediated depletion. This implies that vaccination against Hla may then allow
for DCs to properly prime the adaptive immune system to develop protective immunity.
The development of a successful vaccine has evaded the S. aureus field, perhaps due
to the multitude of virulence factors employed by S. aureus to evade adaptive immunity.
An appreciation for the tissue specific mechanisms employed by S. aureus to evade
immunity may inform more rationale vaccine designs that can prime the immune system
to generate complete immunity upon subsequent exposure. Our data suggest a strategy
which utilizes pre-emptive immunization to protect DC populations, which would then
allow for the priming of immunity against other critical S. aureus antigens and virulence

factors during the course of minor infection.

We observed that T cell priming during primary skin infection was significantly
impaired in its ability to generate cytokine responses and long last memory. Hla is
known to harbor multiple functions, from lysis of cellular targets to activation of
inflammasome activity through pore formation(Berube and Bubeck Wardenburg 2013).
Thus, we hypothesized that Hla manipulates this process, and generated a LAC
hla::erm mutant that expressed OVA (LAC hla::erm-pMagic-OVA)to probe the effect of

Hla on T cell induction. Thus, we investigated whether Hla could suppress T cell
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priming. Of note, OT-lIs expressed IFNy after skin challenge with LAC hla::erm-pMagic-
OVA. This confirmed that Hla modulated T cell cytokine responses during skin infection.
Furthermore, memory T cell accumulation was enhanced following LAC hla::erm-
pMagic-OVA infection, similar to our initial findings during S. aureus bacteremia (Fig
15a, b). Taken together, our preliminary data suggests that Hla suppresses Thl
differentiation and effector memory cell induction during primary skin infection. The
implication that Thl responses may drive protective immunity to S. aureus skin
infection, contrary to current evidence which suggests that IL-17A and Th17 responses
are critical for control of S. aureus infection during primary and secondary immune
responses in the skin(Montgomery et al. 2014; Cho et al. 2010). However, Th1 immunity
has been implicated in protection in systemic models of S. aureus disease, suggesting
that either response can induce protection in mice(Guillén et al. 2002; L. Lin et al. 2009;
Brown et al. 2015). Thus, neutralization of Hla appears to be critical in protecting the
induction of T cell memory and cytokine responses during skin infection. This implies
that immunization against Hla may convert a would-be immune suppressive, S. aureus
SSTI into a non-symptomatic, immune bolstering encounter, as neutralization of Hla

prevents skin dermonecrosis.
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Chapter IV

Conclusion

The ability of S. aureus to recurrently infect humans at a population level
suggests that the adaptive immune system fails to mount protective immunity after the
first exposure. While a multitude of virulence factors have been characterized, little
attention has been paid to the tissue-specific elements which drive immunity to S.
aureus. Despite this, clinical evidence suggests that the initial site of infection may
predict re-infection outcomes(Fritz et al. 2013). Notably, patients which had first time or
recurrent S. aureus SSTIs were highly likely to report subsequent infections within the
same year(Klevens R et al. 2007; Tong et al. 2015; L. G. Miller et al. 2015). In contrast,
patients that underwent invasive disease had re-infection rates comparable to the
incidence rate of patients who did not report S. aureus infection(Fritz et al. 2013). A
previous study also found that patients who reported S. aureus SSTIs had dramatically
higher re-infection rates than household contacts(L. G. Miller et al. 2015). The clinical
data indicate that S. aureus SSTIs beget further infections, while invasive disease does
not. This suggests that S. aureus may have tissue specific mechanisms by which it
suppresses adaptive immunity. Our studies have uncovered a novel mechanism of Hla,
in which it suppresses T cell responses and the development of protective immunity,

likely through the killing of skin resident dendritic cells.
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Development of protective immunity is tissue dependent and modulated by Hla

The skin barrier site is tightly regulated, physical barrier that is constantly
surveyed by multiple immune cells. Despite this, we and others have reported that
primary skin infection with S. aureus does not protect C57BL/6 hosts from secondary
challenge, a finding which mirrors human patients(Sampedro et al. 2014; Montgomery
et al. 2014). Our work demonstrates that primary intravenous, but not skin, infection
allows for the development of protective immunity against S. aureus skin re-challenge.
Protected hosts prevented dermonecrosis and had reduced S. aureus CFU at the site of
infection. Immunity generated by intravenous challenge was found to be B cell and CD4
T cell dependent. The fact that skin infection does not induce the same protection
suggested that S. aureus utilized tissue specific mechanisms to impair adaptive
immunity. There are few known mechanisms by which S. aureus manipulates adaptive
immunity: one is through protein A manipulation of the B cell response(Pauli et al.
2014). T cell superantigens are also produced by S. aureus, though their relevance in
human disease is less clear other than in the extremely rare cases of toxic shock
syndrome(Broker, Mrochen, and Péton 2016; DeVries et al. 2011; Holtfreter et al.
2006). Thus, whether S. aureus manipulates CD4 T cell responses via other means
remains elusive. Furthermore, the assessment of antigen-specific CD4 T cell responses
in vivo have been difficult without the availability of a suitable model system. This has
remained an outstanding issue in the field despite an increasing demand towards
understanding how S. aureus may alter adaptive immunity. We circumvent this barrier
through the generation of an OVA expressing strain of S. aureus, and demonstrate

heightened accumulation of OT-IIs in the secondary lymphoid organs at all time points
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after S. aureus bacteremia compared to skin infection. Furthermore, we show that Thl
priming is not only a feature of intravenous S. aureus infection, but that suppression of
IFNy expression is Hla mediated during skin infection. These observations suggest that
Hla mediates the suppression of Thl subset differentiation in antigen-specific T cells
during skin infection. As this only occurs during skin infection, Hla must exert its action
in a skin tissue specific manner, perhaps by targeting skin specific subsets of immune

cells.

Our lab has previously demonstrated that Hla modulates the development of
adaptive immunity after primary skin infection(Sampedro et al. 2014). Re-challenge with
LAC WT strain of S. aureus in mice which were given primary LAC hla::erm mutant
infection exhibited smaller lesions compared to mice which were administered primary
WT infection. This effect was enhanced when the LAC hla::erm mutant was
complemented with a plasmid that induced expression of an inactive variant of the toxin:
HlanssL. Further studies dissecting the mechanism behind this protection have not been
performed. Given the now recognized tissue dependence of immunity, we believe that
Hla modulates the development of protective immunity at the skin site of infection,
presumably through alteration of the adaptive immune response. As S. aureus immunity
generated via intravenous infection was CD4 T cell dependent, we hypothesize that the
protection afforded by infection with LAC hla::erm mutant also requires CD4 T cell help.
We will address this through administration of CD4 T cell depleting antibody or isotype
control to mice prior to and during skin infection with LAC hla::erm. We will then re-

challenge them with WT LAC on the skin 30 days post infection. Dissecting the
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importance of CD4 T cell help in skin specific immunity to S. aureus will further elucidate

Hla’s role as a suppressor of adaptive immunity.

Memory T cells are required for protection against pathogenic re-challenge in
various infection models, and can bolster B cell responses upon re-challenge to
produce improved antibody responses(Hale and Ahmed 2015; MacLeod, Kappler, and
Marrack 2010). We show that efficient priming of memory OT-lIs occurred only during
intravenous infection, despite the initial formation of CD44"9" cells during primary skin
infection. These data indicate that the magnitude of OT-II proliferation and memory
induction are tissue dependent. Interestingly, skin infection with LAC hla::erm-pMagic-
OVA efficiently induced high numbers of effector and central memory T cells: the
majority of OT-lIs were effector memory, as also seen in the case of intravenous
infection with WT pMagic-OVA. This shows that both T helper subset differentiation and
induction of memory T cell responses are impaired by Hla during S. aureus skin
infection. Though the OT-lIs clearly see antigen, as evidenced by CD44 expression and
proliferation, they do not appear to successfully produce pro-inflammatory cytokine

profiles. This indicates that Hla suppresses T cell priming during skin infection.

Memory cells induced during intravenous infection were able to accumulate in
the skin dLNs. Indeed, during re-infection, a high number of OT-lls were recovered from
the skin draining lymph nodes of mice that were given primary intravenous infection.
However, this was not the case with mice that underwent primary skin infection, and
these hosts had OT-Il accumulation similar to mice that were skin or intravenously
infected with S. aureus harboring the empty vector pMagic. Interestingly, the few OT-IIs

that accumulated in the skin draining lymph node were naive based on their
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CD44"°"CD62L"9" phenotype. These data suggest that skin infection failed to induce
long lasting memory T cells that could respond to re-call. This observation aligns with
both clinical and animal data regarding S. aureus SSTIs, as primary SSTI does not
protect against secondary challenge. Our data suggest that part of the reason for this
failure is a tissue-specific failure of the host to generate protective T cell memory
responses after skin infection. Furthermore, the lack of memory cells on secondary skin
challenge suggests that OT-IIs which initially responded to the primary skin infection
may either have been deleted or rendered anergic. Taken together, our observations
highlight a novel function for Hla as a key suppressor of Th1 induction and memory cell

formation during skin infection.

Hla manipulates skin specific dendritic cells

Dendritic cells are tasked with relaying critical information from the infection site to
the adaptive immune system, including antigen presentation, co-stimulation help and
cytokine production. In the skin, the DC compartment is composed of multiple subsets,
each with different, though potentially overlapping, function in priming T cell immunity.
Our work demonstrates that upon S. aureus infection, CD11b* dDCs and Langerhans
cells are reduced in both the skin and skin draining lymph nodes in an Hla dependent
manner. Furthermore, we show that migration of skin resident Langerhans cells and
CD11b* dDCs was impaired, and reduced accumulation of FITC* DCs was drive by Hla.
These data demonstrate that Hla impairs trafficking of mature DCs which have been
exposed to S. aureus antigen. Given that Hla can induce lysis among a variety of host

cells, including monocytes and neutrophils, we believe that the loss of skin DCs and lack
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of accumulation of specific DC subsets in the sLNs are due to Hla mediated lysis.
Hypothetically, this could result in the impaired presentation of S. aureus antigen, as skin
resident DCs would be unable to traffic antigen from the site of infection to the draining
lymph nodes. Though we do not currently demonstrate this, future work will utilize a
CD11c-Cre system to specifically delete ADAM10 expression on dendritic cells
(DCAADAM10) a5 previously described(Ezekwe, Weng, and Duncan 2016; S. R. Damle et
al. 2018). WT LAC pMagic-OVA infection in DCAAPAMI0 should prevent Hla mediated
damage on dendritic cells, and restore OT-Il priming during S. aureus skin infection.
Combined with the observation that LAC hla::erm-pMagic-OVA induced Th1 priming and

robust memory induction, DC protection should restore the priming defect observed.

Given our observations, vaccination against Hla should mediate the protection of
DC subsets in the skin and draining lymph nodes. Indeed, vaccinated hosts retained all
DC subsets in the skin, and improved accumulation of CD11b* dDCs and Langerhans
cells in the skin draining lymph nodes, which suggests that they were able to migrate from
the skin. We also show that polyclonal immune sera against Hla, and immune murine
sera, is sufficient to protect skin DCs, demonstrating that protection of these cells is likely
through antibody mediated toxin neutralization. This work illustrates that vaccinating
naive hosts against a single toxin can protect skin dendritic cells from S. aureus mediated
deletion. As these DCs serve as the first line of defense and messengers of the immune
system, it stands to reason that protection of DCs should allow for the efficient priming of

T cell immunity during skin infection.

Recent work in the field has also unveiled other toxins which manipulate dendritic

cells. For example, Leukocidin A/B (LukAB) was demonstrated to be responsible for the

74



intoxication of monocyte-derived DCs, and S. aureus strains lacking luKAB were severely
impaired in their ability to kill phagocytes during a murine infection model. Genetic
knockout of IukAB severely inhibited bacterial survival at the site of infection, which
correlated with higher numbers of PMNs and macropahges(Dumont et al. 2011).
Leukocidin ED was recently confirmed to bind to CCR5 and mediate the killing of CCR5*
T cells and myeloid cells in vivo(lii et al. 2013). Collectively, S. aureus may have more
than one means in which to suppress APC function, as multiple toxins have been
implicated in DC killing. Other toxins, such as PSM have been implicated in inducing
suppressive cytokines in dendritic cells, though this remains to be demonstrated in vivo.
Given that each encounter with S. aureus may be a immune suppressive event, protection
of barrier tissue DCs can be key in changing the immune environment to favor the
development of protective immunity. Strategies which guarantee symptomatic protection
during skin encounter with S. aureus, while also protecting the dendritic cell network, may

be successful in turning natural encounters with S. aureus into immune boosting events.

Implications for vaccines: a naive approach

Our findings have interesting implications in vaccine strategy, as most vaccine
trials to date have been attempted in adults, or have used passive transfer of antibodies
isolated from adults with high titers against S. aureus antigens(V. G. Fowler and Proctor
2014). Given that S. aureus is the leading cause of SSTIs and colonizes over >30% of
the human population, it is likely that a substantial portion of previous vaccine trials,
which mostly targeted adults, were conducted on exposed hosts(H. F. Wertheim et al.

2004). Based on our observations, we propose that patients that have been infected
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with S. aureus, perhaps repeatedly, may have a low frequency of S. aureus-specific,
naive CD4 T cells that vaccines can utilize to produce high affinity antibody responses.
Given the absence of memory T cells upon re-call in hosts that underwent primary skin
infection, S. aureus-specific CD4 T cells may be rendered anergic or deleted from
previous encounters with the pathogen, preventing proper development of a protective
immune response during vaccination. Indeed, the one vaccine trial which seemed to
suggest some promise was a trial in which humanized, mouse chimeric monoclonal
antibody against LTA was passively infused into low birthweight infants, and tested for
the prevention of late on-set sepsis(Weisman et al. 2011). In this case, antibody
production against S. aureus was not done in an environment by which the pathogen
could manipulate the immune response. These data suggest that S. aureus employs
Hla to either delete S. aureus-specific CD4 T cells or render them anergic to re-call.
This highlights a new in vivo mechanism by which S. aureus suppresses T cell function
and the development of protective immunity. Furthermore, our data describe a
previously unrecognized role for Hla as a critical suppressor of adaptive immunity,
which may explain its ubiquity, as most clinical strains express Hla(Berube and Bubeck

Wardenburg 2013; Sharma-Kuinkel et al. 2015).

Recent work has demonstrated findings in human populations which have not
been described in animal models of S. aureus infection. Notably, Th1/Th17 cell plasticity
has not been fully appreciated in current S. aureus studies, but recent human studies of
T cell responses to S. aureus have observed the presence of IL-17* IFNy" and IL-17*IL-
10" antigen-specific CD4 T cells in response to skin pathogens, with the latter induced

during only during S. aureus infection(Zielinski et al. 2012). As both are commensals
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which colonizes mucosal barriers, the differences in suppressive cytokine induction
point to pathogen specific modulation of the host T cell response. The effect of S.
aureus colonization on adaptive immunity is poorly understood, and requires new tools
to study their responses. Utilizing our pMagic-OVA system, our work provides the
groundwork for future studies which can follow antigen specific T cell and B cell
responses, through serum anti-OVA responses, during S. aureus colonization. Such
cellular resolution would then allow one to characterize how colonization shapes
adaptive immunity prior to the first infectious or antigenic encounter with S. aureus.

Our studies did not observe the induction of IL-10 in OT-lIs in either intravenous
or skin infection contexts. This could be due to the absence of prior colonization in our
murine hosts, or a physiologic difference between human and murine T cell responses
to S. aureus infection. However, we did not assess for memory T cell cytokine
responses after primary infection. It is possible that our “naive” T cells after skin
infection can produce IL-10 when stimulated with antigen. Alternatively, the memory T
cells from primary intravenously challenge mice may produce IL-10 upon re-call.
Another distinct possibility is that while murine hosts may respond to weak antigenic
stimulus with the deletion of OT-lIs, human T cells may impart regulatory function in
otherwise inflammatory Th17 cells, as the factors which regulate the plasticity of T
helper subsets is poorly understood. However, what is clear from our studies, and
previous human and animal data, is that S. aureus utilizes distinct virulence factors to
perturb the development of productive T and B cell immunity.

A key consideration that has not been addressed in our studies is the extent to

which the effects we observe are exclusive to Hla. Substantial evidence in the field has
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demonstrated that Hla, along with other S. aureus toxins, are both cell-type and species
specific(Wilke and Bubeck Wardenburg 2010b; Tromp et al. 2018; B. Lee and
Wardenburg 2018; Ill et al. 2013a). As the role of Hla in murine skin infection is to
induce massive inflammation and dermonecrosis, one should wonder whether the
findings we observe are unique to Hla, or can be recapitulated with any virulence factor
which can induce massive inflammatory damage or lyse immune cells. As
aforementioned, CCR5 was recently identified as the receptor for S. aureus, and
mediates the killing of myeloid cell subsets and T lymphocytes in mice bearing
humanized CCR5(lll et al. 2013b). Furthermore, recent work has demonstrated that
CD45 is an F-component receptor for PVL, suggesting that general immune cells are
also targeted for cell lysis, though the nature in which lymphocytes are affected remains
unclear(Tromp et al. 2018; B. Lee and Wardenburg 2018). Given the lytic activity of
other virulence factors on immune cells, one must then wonder whether our
observations are unique to Hla’s Iytic effect. Interestingly, gross dermonecrosis and lysis
of specific immune cell populations have not been separated in our studies thus far,
though current work in underway to specifically delete ADAM10 from dendritic cells.
Though we hypothesize that protection of DC lysis will re-capitulate the restoration of T
cell responses seen in LAC hla::erm pMagicOVA infection, we may find that T cell
responses are still suppressed. In this case, we would hypothesize that massive
inflammation may suppress the priming of adaptive immunity through local hyper-
inflammation or cytokine-storm like responses. Indeed, cytokine storms and other
examples of over activation of immunity, such as superantigen activity on T and B cells,

have been found to retard immune responses(Goldmann and Medina 2017; Broker,

78



Mrochen, and Péton 2016; Holtfreter et al. 2006; Liu, Zhou, and Yang 2016; D’Elia et al.
2013). This possibility leads to the intriguing hypothesis that local tissue tolerance to
commensal virulence factors or antigens may be key towards eliciting protective
immunity during skin infection. While traditional vaccine approaches have focused on
eliciting protective immunity, pathogens which have been targeted do not colonize the
human host. However, commensals are thought to be in continuous contact with the
host during homeostasis, and can stimulate immunity in lieu of infection(Scharschmidt
et al. 2015; Naik et al. 2015; Manicassamy and Pulendran 2011). Thus, purely pro-
inflammatory strategies against S. aureus may result in aberrant inflammation at any
barrier tissue sites where S. aureus is present. This outcome may be conceptually
similar to what we observe in psoriasis patients, such that S. aureus is often found on
lesional skin sites(Balci et al. 2009; Hasse-Cieslinska 2007). Perhaps the appropriate
vaccine strategy would not only induce systemic pro-inflammatory, adaptive immunity to
the invading commensal, but also elicit tissue specific tolerance to commensal antigens.
This strategy allows for the induction of sterilizing immunity in systemic regions, where
the commensal should not be present, while also imparting tolerance to the commensal
at native colonization sites. Rational vaccine design should consider how to maintain

host homeostasis with the commensal in question.

Taken together, our insights point to the importance of targeting future vaccine
trials at patient populations, which are the least likely to have had infectious encounter
with S. aureus. In such patients, S. aureus-specific CD4 T cells will be naive to
pathogenic encounter and will be readily utilized by vaccine candidates. By protecting

hosts against dermonecrosis and DC loss, subsequent subclinical encounters with S.
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aureus in vaccinated hosts will no longer suppress adaptive immunity. Instead, such
challenges may serve as boosters to a prepared host, further priming the adaptive

immune response to the plethora of S. aureus virulence factors.
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CHAPTER V

Experimental Methods

Ethics Statement

Animal studies were conducted in accord with protocols approved by the Institutional
Animal Care and Use Committees at both the University of Chicago and the

Washington University in St. Louis.

Mice.

All animal experiments were approved by the University of Chicago Institutional Animal
Care and Use Committee (IACUC) or Washington University in St. Louis IACUC. Mice
were housed in specific-pathogen-free animal facilities at University of Chicago or
Washington University in St. Louis (WashU). C57BL/6J mice were purchased from
Jackson Laboratories. uMT mice were generously provided by Michael Diamond
(WashU). OT-Il CD45.1 mice were kindly gifted by Anne Sperling (University of

Chicago).

Bacterial strains and cultures.

For infections, MRSA strain USA300/LAC was grown overnight (O/N) at 37°C in tryptic
soy broth (TSB, Sigma) on a rotator, and was subcultured at 1:100 dilution for 1.5 hours

in TSB to mid-log phase. USA300/LAC hla::erm was grown O/N at 37°C in TSB

supplemented with 40 ug/ml erythromycin on rotation, and subcultured with TSB
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supplemented with erythromycin for 2.5 hours. USA300/LAC pMagic, USA300/LAC
pMagicOVA, and USA300/LAC hla::erm pMagicOVA were grown overnight in TSB
supplemented with 20 ug/ml chloramphenicol on rotation, and subcultured at 1:100
dilution in 20 pg/ml chloramphenicol for 2 hours. All subcultures were performed with
shaking at 200 r.p.m at 37°C. For all strains, OD600 was measured to estimate bacterial
density, and verified by serial plating on tryptic soy agar (TSA) plates to quantify CFU

values.

Bacterial bacteremia and skin infections.

For all infections, age-matched 4-6 week-old males and females were studied. For
subcutaneous infections, 50 pl containing 1.0 x 108 CFU USA300/LAC or LAC hla::erm
in PBS was inoculated per mouse. For intravenous infections, 100 ul containing 5.0 x
108 CFU USA300/LAC in PBS was retro-orbitally infected per mouse. Control animals
were injected with equivalent volumes of PBS only. In experiments utilizing S. aureus
strains harboring pMagic or pMagicOVA, 0.5 mg/ml chloramphenicol and 1% sucrose
solution drinking water was given to mice one day prior to subcutaneous or intravenous
infection. 100,000 CD45.1 OT-Il cells were also adoptively transferred, via retro-orbital
injection, one day prior to infection. On designated days post re-challenge, skin lesions
were punch biopsied with an 8 mm punch biopsy (Integra Miltex), and placed in 1 ml of
0.1% Triton-X PBS solution in cryogenic tubes. All lesions were then immediately
processed using the Bio-Gen Pro200 Homogenizer (Pro Scientific). Homogenates were

plated on TSA plates to quantify CFU values.
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Skin histology.
8 mm punch biopsies of skin lesions were extracted from mice after euthanasia, then
fixed and stored in 10% formalin (VWR, Avantor). Saples were embedded, sectioned

and stained with H&E by Nationwide Histology LLC.

Immune cell depletion.

For CD4 T cell depletion, 100 ug of anti-CD4 antibody (clone GK1.5, University of
Chicago) were intraperitoneally (i.p) injected 6 and 3 days prior to infection, and every 3
days post infection for 15 days. Control mice received 100 ug of rat IgG2b isotype

control (University of Chicago) on the same timeline.

Tissue Isolation and Flow Cytometric Staining

Skin lesions were punch biopsied, and blunt removal of fat tissue was done with
forceps. Then, tissue was minced and digested in RPMI (Gibco) containing 0.25 mg/ml
Liberase TL (Roche Diagnostic Corp), 100 uM B-mercaptoethanol, 20 uM HEPES
(Hyclone), 100 U/ml penicillin and 100 pg/ml streptomycin, and incubated for 2-3 hours
at 37°C and 5% CO.. For dendritic cell studies, draining axillary, brachial and
subinguinal lymph nodes were extracted and digested with 0.1 mg/ml Liberase TL
(Roche), 100 uM B-mercaptoethanol, 20 uM HEPES (Hyclone), 100 U/ml penicillin and

100 pg/ml streptomycin, and incubated for 30 minutes at 37°C and 5% CO.. Tissue and
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lymph nodes were gently strained through a 40 um cell strainer in single cell
suspensions, and then incubate with FC block (anti-CD16/32) in FACs buffer (1% BSA,
0.1% NaN3, 5 mM EDTA) for 15 minutes on ice. Cells were stained in FACs buffer on
ice for 30-45 minutes and then analyzed on the cytometer, or fixed in 1%
paraformaldehyde solution. For tissue, live-dead staining was performed before FC
block. Briefly, cells were incubated with Live Dead Fixable Aqua (Thermo Fischer) at
1:1000 in PBS for 30 minutes at 4°C in the dark. Cells were washed twice in FACs

buffer before incubation with FC block.

Flow cytometric analysis was performed on the BD LSR Fortessa Il. Murine cell
suspensions were incubated with fluorochrome conjugated antibodies against the
following surface markers: CD45 (30-F11), CD45.1 (A20), CD62L (MEL-14), CD4 (RM4-
4, GK1.5), TCRB(H57-597), CD44 (IM7), CD8b (Ly-3), MHCII I-A/I-E (M5/114.15.2),
CD103 (2E7), CD207/Langerin (4C7), CD11c (N418), CD11b (M1/70), anti-CD16/32
(2.4G2). Cell counts were enumerated using AccuCount beads (Spherotech) according
to manufacturer instructions. Live dead analysis was performed using LIVE/DEAD

Fixable Aqua (Life Technologies).

For intracellular cytokine staining, stimulated cells were fixed and permeabilized using
BD cytoperm/fix kit reagents according to manufacturer instructions. Cells were then
incubated with fluorochrome conjugated antibodies against IL-4 (11B11), IL-17A (TC11-

18H10.1) , IFNy (XMG1.2), and IL-10 (JES5-16E3) in BD Perm Buffer for 1 hour at 4°C.
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In vitro Re-stimulation

Murine skin draining lymph nodes and spleens were gently homogenized into single cell
suspensions. To positively select donor OT-II cells, CD45.1-biotin antibodies
(eBioscience) were incubated for 30 minutes on ice. Streptavidin microbeads at 1:100
dilution (Miltenyi) were subsequently incubated in cell suspensions for 30 minutes on ice
prior to LS column sorting (Miltenyi). The positive fraction was cultured in complete
RPMI (100 uM B-mercaptoethanol, 20 uM HEPES, 100 U/ml penicillin and 100 ug/mi
streptomycin, 1X GlutaMAX (Gibco)) supplemented with phobol 12-myristate-13-acetate
(PMA; 50ng/ml) and ionomycin (500 ng/ml) for 4-5 hours at 37°C, 5% CO:2. To detect
intracellular cytokine production, Golgi Stop and Plug (BD Bioscience) at a final

concentration of 0.7 pl/ml and 1 pl/ml, respectively.

Adoptive Transfer and S. aureus pMagic-OVA infections

One day prior to infection, lymph nodes and spleens from OT-Il CD45.1 males were
harvested for CD4 T cell isolation. To extract OT-lIs, the CD4* T cell Isolation Kit
(Miltenyi) was used according to manufacturer instructions. Approximately 100,000 OT-
Il cells were suspended in PBS and then retro-orbitally transferred into recipient, 5 week
old C57BL/6 males (CD45.2). Drinking water was supplemented with chloramphenicol
(250 mg/bottle). The next day, recipients were infected either subcutaneously or retro-
orbitally with 1 x 108 or 5 x 10® S. aureus pMagic-OVA, respectively. For memory

experiments, water was switched back to normal drinking on day 14 of the experiment.
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On day 40 post primary infection, mice were re-challenged subcutaneously with 1 x 108
CFU S. aureus pMagic-OVA, and both the infection site and draining lymph nodes were

harvested 3 days later to assess re-called memory OT-II cells.

In vivo dendritic cell migration

One day prior to infection, mice were shaved, and Nair was applied to the skin for 20-30
seconds. A wet towel was applied to the affected side to remove hair and excess Nair.
On the day of infection, 20 pl of 2% FITC solution in acetone was suspended onto to
flank skin of mice. The paint solution was allowed to quickly dry prior to intradermal
infection with S. aureus at the painted site. Four days post infection, the skin draining
lymph nodes were harvested and processed as aforementioned, and dendritic cells
were enriched through LS column positive selection. Briefly, cells were incubated with
anti-CD16/32 antibody prior to incubation with biotinylated anti-CD11c (N418,
eBioscience™) antibodies for 30 minutes on ice. Cells were then washed with FACs
buffer and resuspended in FACs buffer and streptavidin beads for an additional 30
minutes on ice prior to column sorting. Cells were then stained, and live, FITC*
migratory dendritic cells were analyzed and quantified by flow cytometry. Quantification

was performed using AccuCount beads (Spherotech).
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Figure 1. Primary S. aureus intravenous challenge promotes the
development of protective immunity to secondary skin challenge.
A) Experimental approach, outlining timing of primary subcutaneous (S.C),
retro-orbital (R.O) infections and skin re-challenge. Lesions were
measured and harvested. Colony forming units (CFU) were enumerated
by plating. The limit of detection was 1000 CFU. B) Representative gross
(left) and H&E (right) images of lesions day 4 post re-challenge. Scale
bars, 1000 um. C) Area of dermonecrosis (top), CFU per lesion (center),
and kidney CFU (bottom) enumerated. **** = p<0.0001 determined by
one-way ANOVA with Sidak’s multiple comparison test. Data are
representative of three independent experiments.
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Figure 2. T cells are required for protection. A) Experimental timeline
for CD4 T cell depletion during intravenous infection. Mice were given 100
Mg of GK1.5 or isotype control for the times indicated. B) Anti-hla IgG half
maximal serum titers day 35 post primary bacteremia. C) Abscess area
and area of dermonecrosis (AOD) were assessed 4 days post re-
challenge. Lesions of primary bacteremic mice were compared to re-
challenge lesions of primary skin infected hosts. * = p < 0.05; ** = p < 0.01;
*** = p < 0.001; ***=p < 0.0001 determined by one-way ANOVA with
Sidak’s multiple comparison test, or t test where appropriate. Data are
representative of two independent experiments.
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Figure 3. B cells are required for protective immunity

A) Serum Anti-Hla IgG titers, day 35 post primary infection. B) WT and
MMT mice were retro-orbitally infected with S. aureus and subcutaneously
re-challenged on Day 40 post primary infection. C) Area of dermonecrosis
and lesion colony forming units (CFU) quantification demonstrates loss of
protection in the absence of B cells. Absence of protection and anti-hla
IgG titers are correlated. * = p < 0.05; ** = p < 0.01; ** = p < 0.001; ***=p
< 0.0001 determined by one-way ANOVA with Sidak’s multiple comparison
test, or t test where appropriate. Data are representative of three
independent experiments.
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Figure 4. Generating OVA expressing S. aureus strain.

A) Plasmid map of candidate constructs pOS1-OVA and pMagic-OVA.
pMagic-OVA includes an improved translation initiation region, containing
an optimized Shine-Dalgarno (SD) sequence, spacer region and
translational enhancer (ENH) from gene 10 of phage T7 (based on the TIR
sequence of Cheng and Patterson, 1992). Chicken egg ovalbumin
sequence was codon optimized (Thermo Fisher) for S. aureus. B)
OVA(138-386) expression by Western blot. Overnight culture supernatants
of pMagic, pOS1-OVA, and pMagic-OVA were TCA precipitated and
blotted for OVA. Hla was blotted as a loading control. The expected
molecular weight of OVA(138-386) was 27.5 kDA. C) Growth kinetics of
pMagic and pMagic-OVA S. aureus strains were assessed in TSB alone or
supplemented with 20 pg/ml of chloramphenicol.
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Figure 5. T cell kinetics are tissue dependent.

A) Experimental timeline. Mice received 100,000 CD45.1+ OT-lls via
retro-orbital injection one day prior to skin or intravenous infection with S-
EV or S-OVA. B) OT-II priming kinetics were tracked 7 and 14 days after
infection. The spleen and skin draining lymph nodes (brachial, axillary
and superficial inguinal), on the same side, were harvested from both
intravenously and skin infected mice, and total OT-lIs were enumerated
by flow cytometry. Numbers from both sites were added to calculated the
total number recovered per mouse.
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Figure 6. Tissue dependence of antigen-specific CD4 T cell priming.
A) OT-1l numbers were analyzed at the skin draining lymph nodes for
differences in site-specific accumulation on day 7. B) OT-ll numbers were
analyzed at the spleen for differences in site-specific accumulation on day
7. C) OT-lIs were quantified at day 14 post infection. Lymph nodes and
spleen counts were pooled for analysis. OT-lIs were classified into T
helper effector memory (EM), central memory (CM) and naive cell
phenotypes, as determined by CD44 and CD62L surface expression
(bottom). EM = CD44high CD62L'ow; CM = CD44hish CD62LNgh: Naive =
CD44'ow CD62LNgh, * = p < 0.05; ** = p < 0.01; *** = p < 0.001 determined
by one-way ANOVA with Sidak’s multiple comparison test, or t test where
appropriate. Data are representative of three independent experiments.
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Figure 7. Bacteremia induces T memory cells A) OT-1l numbers were
analyzed at the skin draining lymph nodes and spleen for differences in
site-specific accumulation on day 7 and 14. On day 14, LN and spleen
cells were pooled for quantificationOT-IlIs were classified into T helper
effector memory (EM), central memory (CM) and naive cell phenotypes,
as determined by CD44 and CD62L surface expression (bottom). EM =
CD44high CD62L'ow; CM = CD44hish CD62LNgh; Naive = CD44'ow CD62Lhigh,
*=p <0.05; * = p <0.01 determined by one-way ANOVA with Sidak’s
multiple comparison test, or t test where appropriate. Data are
representative of three independent experiments.
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Figure 8. Skin infection fails to induce T helper subset differentiation
A) Day 14 OT-Il cytokine responses. Mice received 100,000 CD45.1+ OT-

lIs via retro-orbital injection one day prior to skin or septic infection with
pMagic or pMagic-OVA S. aureus strains. OT-lIs were phenotyped by

IFNy, IL-17A, and IL-10 responses. B) T follicular helper cell subsets were

identified by PD-1 and CXCR5 expression. * = p < 0.05; ** = p < 0.01; ***
p <0.001, **** = p < 0.0001 determined by one-way ANOVA with Sidak’s
multiple comparison test, or t test where appropriate. Data are

representative of two independent experiments.
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Figure 9. Skin infection fails to produce responsive memory T cells
A) Recall effector and central memory T cell responses were evaluated by
S. aureus pMagic-OVA skin re-challenge 40 days post primary infection.
Skin draining lymph nodes, and skin biopsies, were excised 3 days post
re-challenge and analyzed by flow cytometry. * = p < 0.05; ** = p < 0.01,
*** = p < 0.001 determined by one-way ANOVA with Sidak’s multiple
comparison test, or t test where appropriate. Data are representative of
two independent experiments.
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Figure 10. Hla targets skin dendritic cells

A) Total migratory dendritic cell (mDC) accumulation in skin draining lymph
nodes and infection site. Axillary, brachial and superficial inguinal lymph
nodes were harvested for mDC analysis and enumeration by flow
cytometry. Infection site was extracted using an 8 mm punch biopsy.. * = p
< 0.05; ** = p < 0.01; determined by one-way ANOVA with Sidak’s multiple
comparison test, or t test where appropriate. Data are representative of
three independent experiments.
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Figure 11. Hlareduces Langerhans cell and CD11b dermal dendritic
cell accumulation

A) Lymph node CD11b+ and CD103+ dermal dendritic cells (DCs) and
Langerhans Cells were analyzed from the draining lymph nodes and site
of infection. B) Skin CD11b+ and CD103+ dermal dendritic cells (DCs) and
Langerhans Cells were analyzed from the site of infection. Total numbers
were enumerated by flow cytometry. * = p < 0.05; ** = p < 0.01,
determined by one-way ANOVA with Sidak’s multiple comparison test, or t
test where appropriate. Data are representative of three independent
experiments.
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Figure 12. Skin DC migration is improved during LAC hla::erm
infection A) FITC* DCs in skin draining lymph nodes 4 days post paint
and infection. Total numbers were enumerated by flow cytometry. B)
FITC+ Migratory dendritic cell subsets in the skin draining lymph node
after infection. Lymph nodes were harvested, digested and analyzed 4
days post infection. * = p < 0.05; determined by one-way ANOVA with
Sidak’s multiple comparison test, or t test where appropriate. Data are
representative of on pilot experiment
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Figure 13. Active immunization against Hla protects skin mDCs. A)
Total migratory DC counts in the skin and skin draining lymph nodes 4
days post infection B) Migratory dendritic cell subsets in the skin draining
lymph node after infection. Lymph nodes were harvested, digested and
analyzed 4 days post infection. C) Migratory dendritic cell subsets in the
skin after infection. Skin was harvested, digested and analyzed 4 days
post infection. Total numbers were enumerated by flow cytometry. * = p <
0.05; ** = p < 0.01; determined by one-way ANOVA with Sidak’s multiple
comparison test, or t test where appropriate. Data are representative of
two independent experiments.
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Figure 14. Active immunization against Hla protects all DC subsets.
A) CD11b and CD103 dermal dendritic cells and Langerhans cells in the
skin were analyzed 4 days post infection. B). CD11b and CD103 dermal
dendritic cells and Langerhans cells from the skin draining lymph nodes
were analyzed 4 days post infection. Total numbers were enumerated by
flow cytometry. * = p < 0.05; ** = p < 0.01; determined by one-way ANOVA
with Sidak’s multiple comparison test, or t test where appropriate. Data are
representative of two independent experiments.
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Figure 15. Hla suppresses T cell priming. A) OT-ll priming kinetics were
tracked 7 after infection with WT or LAC hla::erm pMagic-OVA on the skin.
The spleen and skin draining lymph nodes (brachial, axillary and
superficial inguinal), on the same side, were harvested total OT-IIs were
enumerated by flow cytometry. B) Total numbers of memory and naive OT-
lIs in the skin draining lymph nodes and spleens * = p < 0.05; * = p <
0.01; *** = p < 0.001 determined by one-way ANOVA with Sidak’s multiple
comparison test, or t test where appropriate. Data are representative of
one experiment.
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Figure 16. Hla suppresses T cell skin site accumulation. A) OT-II
priming kinetics were tracked 7 after infection with WT or LAC hla::erm
pMagic-OVA on the skin. An 8 mm punch biopsy of the infection site was
harvested and total OT-lIs were enumerated by flow cytometry. B)
Representative flow plot of gating strategy in the skin. * = p < 0.05; * = p <
0.01; *** = p < 0.001 determined by one-way ANOVA with Sidak’s multiple
comparison test, or t test where appropriate. Data are representative of

one experiment.
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Figure 17. Hla suppresses T cell cytokine production A) OT-lIs were
positively enriched from skin draining lymph nodes and spleen 14 days
post infection, and stimulated with PMA and lonomycin for 4 hours. IFNy,
IL-4, IL-10 and IL-17A expression was analyzed by flow cytometry. * = p <
0.05; * = p < 0.01; *** = p < 0.001 determined by one-way ANOVA with
Sidak’s multiple comparison test, or t test where appropriate. Data are
representative of one experiment.
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