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Abstract 

 
Staphylococcus aureus (SA) is a leading cause of healthcare-associated and community-

acquired infection in the United States. Despite the canonical thinking that antibodies and B 

cells are the main drivers of protection against extracellular pathogens, T cells are now 

recognized as critical players in protection against SA in multiple routes of infection, as 

evidenced in humans and preclinical animal models. Patients with CD4+ T cell HIV-mediated 

depletion or genetic deficiency in Th17 cell development have increased susceptibility to SA 

infections. In mouse models of SA infection, both CD4+ T cells and gd T cells have been 

implicated in cytokine production and protection against SA, driven by IFN-g and IL-17A. 

Additionally, gd T cell memory has been described in both humans and mice and played a 

protective role in a mouse model of SA skin infection.   

 

Unconventional T cells, which are not restricted by major histocompatibility complex (MHC) 

class I or class II molecules, have emerged as critical players in the immune response to 

bacterial infections. Here I studied the roles of 2 types of unconventional T cells, natural killer T 

(NKT) cells and mucosal-associated invariant T (MAIT) cells, in the context of methicillin-

resistant SA infection. These innate-like T cells can be activated very early during bacterial 

infection and secrete Th1 and Th17 cytokines. NKT cells are restricted by the MHC class I-like 

molecule CD1. CD1 molecules present lipid antigens to cognate T cells and have limited 

polymorphism relative to their MHC counterparts, making them attractive vaccine targets. MAIT 

cells are restricted by the MHC class Ib molecule MR1, which presents vitamin B metabolites to 

MAIT cells. Many bacteria, including SA, possess metabolic proteins that generate metabolites 

able to be recognized by MAIT cells, making MAIT cells an additional target for rational vaccine 

design. 
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To determine whether NKT cells or MAIT cells were necessary for controlling SA infection, I 

infected wild-type mice and mice deficient in NKT cells (CD1d-/-) or MAIT cells (MR1-/-) with SA. I 

showed that NKT cells, but not MAIT cells, were necessary for reducing bacterial burdens and 

controlling the amount of neutrophil influx to infected kidneys and livers early in the infection 

response. Using a mouse model that lacks type I NKT cells (iNKT cells) but retains type II NKT 

cells (Ja18-/-), I further showed that type II NKT cells were sufficient to reduce bacterial burden 

and inflammatory infiltrate/abscess dissemination in infected kidneys in the absence of iNKT 

cells. Both iNKT cells and type II NKT cells required MyD88 mediated TLR activation on 

dendritic cells and CD1d-TCR engagement to be activated by total SA lipids and heat-killed SA 

(HKSA), which demonstrated that innate-mediated cytokines as well as TCR engagement were 

required for NKT cell activation and cytokine production to SA antigens. However, iNKT cells 

were dispensable for control of SA infection and became hyporesponsive to restimulation after 

SA infection. 

 

Focusing on the role of type II NKT cells in SA infection, I identified a polar lipid fraction from SA 

containing PG and lysyl-PG species which induced CD1d-restricted MyD88-dependent IFN-g 

production by type II NKT cells. Adoptively transferred type II NKT cells directly contributed to a 

reduction in bacterial burden in the spleen of SA-infected recipient mice. Turning to humans, SA 

bacteremic patients had reduced percentages of MAIT cells and iNKT cells and increased 

CD4+CD161+ T cells, a population enriched for type II NKT cells, in blood compared to healthy 

controls. Work recently published by our lab, using humanized mice expressing group 1 CD1 

molecules (hCD1Tg), showed that CD1b- and CD1c-restricted T cells were expanded after SA 

infection and recognized PG lipids derived from SA. Together, these data demonstrate that in 

mice and humans, both CD1d-restricted type II NKT cells and group 1 CD1-restricted T cells are 

expanded and functionally active during SA bacteremia.  
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Chapter 1 

Introduction 

1-1 Staphylococcus aureus  

Staphylococcus aureus (SA) is a leading cause of healthcare-associated and 

community-acquired infection in the United States. SA causes a range of infections in humans, 

including skin and soft tissue infection, pneumonia, endocarditis, and bacteremia, which if left 

untreated, can lead to sepsis and high levels of mortality (1). In addition, SA strains with 

acquired resistance to methicillin and related b-lactam antibiotics make up 46% of all SA 

isolates tested nationally (2). Use of wide spectrum antibiotics , such as vancomycin, drive the 

emergence of more resistant strains such as vancomycin-intermediate and vancomycin-

resistant SA (3). This escalation in antibiotic use is likely to continue as more resistant strains 

emerge, and thus there is a need for SA infection prevention. Traditionally, humoral immunity 

was thought to be the main driver of immune defense against extracellular pathogens such as 

SA. In recent years, T cells are now recognized as critical players in protection against SA in 

multiple routes of infection, as demonstrated in humans and preclinical animal models. Below I 

will discuss the immune response to SA infection and known mechanisms that SA employs to 

evade the host immune response.  

 

1-1.1 Overview of SA pathogen 

SA is a gram-positive coagulase-positive bacterium so named for its characteristic 

morphology of growth in gold grape-like clusters (4). SA is a common commensal bacterium, 

with approximately 30% of individuals in the United States colonized in the nasal passage and 

to lesser degrees on the skin and mucosal membranes (5). Commensal colonization with SA 

has been linked to passage of the bacterium from mother to infant within 1 month after birth (6). 

Nasal colonization with SA is a risk factor for the development of invasive infection, including SA 

surgical site infections and skin and soft tissue infections, in both the healthcare setting and 
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community setting (7). In addition, colonization with methicillin-resistant SA strains has been 

linked to increased complications and mortality relative to methicillin-sensitive SA strains in 

patients hospitalized in the ICU (8).  

SA has evolved many mechanisms to evade the immune system, which presents 

complications when invasive colonization leads to active disease. SA has a number of cell wall 

associated and secreted factors that are able to inactivate, modulate, and evade immune cells. 

These include toxins, adhesins, immunomodulating proteins, proteases, and enzymes that 

target neutrophils, the main innate immune cell responsible for killing SA, as well as T cells and 

B cells (9). In addition to directly targeting immune cells, SA secretes factors that create a 

physical barrier to prevent immune cell infiltration. A characteristic outcome of SA infection is 

the formation of abscesses. SA secretes coagulase (Coa) and von Willebrand factor binding 

protein (vWbp) which activate prothrombin and cleave fibrinogen, leading to fibrin 

polymerization; this creates a pseudo capsule which surrounds replicating bacteria, protecting it 

from clearance (10). In the formation of abscesses, SA also secretes factors that directly kill 

infiltrating neutrophils and macrophages, leading to a ring of dead or dying cells surrounding the 

fibrin capsule that serve as a further deterrent for bacterial clearance (11). SA bloodstream 

infection can lead to sepsis, a life-threatening organ dysfunction caused by dysregulation of the 

host response (12). SA-driven sepsis is enhanced by secretion of clumping factor (ClfA), Coa, 

and vWbp, which generate fibrin deposits in the heart and lead to clotting (13). Additionally, 

hyperactivation of T cells by antigen-independent MHC class II crosslinking with SA-secreted 

superantigens leads to toxic shock syndrome, a more severe form of sepsis with increased 

mortality outcomes (14).  Below I will review the ways in which the host immune system and this 

tricky pathogen compete with each other during an infection. 
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1-1.2 Overview of immunity against SA 

1-1.2a Innate immune response to SA 

Neutrophils are the first line of defense against invading SA that break the epithelial 

barrier (15). They are recruited to the site of infection by chemoattractants secreted by activated 

endothelial cells, which upregulate chemokine receptors on neutrophils; this, along with integrin 

expression, allows neutrophils to roll, arrest, and perform transendothelial migration from the 

blood into infected tissue (16). SA skin infection induces secretion of CXCL1, CXCL2, and 

CXCL8 by keratinocytes, which bind to CXCR2 on neutrophils, resulting in their recruitment 

(17). A number of factors secreted by SA act to block neutrophil activation and migration into 

infected tissue. These include cysteine proteases such as staphopain A (18), CHIPS (19), SA-

secreted formyl peptide receptor-like-1 inhibitory protein (FLIPr) and FLIPr-like protein bind 

formyl peptide receptor-like-1 (FLRP1) (20, 21), and SA superantigens enterotoxin-like toxin X 

(SEIX) and superantigen-like 5 (SSL5) (22, 23).  

 Neutrophils that overcome SA inhibition to enter infected tissues act to kill SA by 

phagocytosis. Neutrophils bind to SA either via PAMPs or via immunoglobulins bound to 

PAMPs by complement, engulfing the bacteria by phagocytosis; the phagosome fuses with 

neutrophil granules carrying antimicrobial peptides and reactive oxygen species to kill ingested 

SA (15). Staphylococcal complement inhibitor (SCIN) (24), SA-derived protein A (SpA) (25-27), 

second binding protein of immunoglobulin (Sbi), and staphylococcal superantigen-like 7 (SSL7) 

(28, 29) act to inhibit complement and opsonization by neutrophils. Despite this, neutrophils can 

uptake SA in the absence of opsonization, showing the redundancy in mechanisms of neutrophil 

killing to overcome SA evasion strategies (30).  

 Once SA has been engulfed in neutrophil phagosomes, it has further mechanisms to 

evade oxidative and non-oxidative killing. SA can modify its cell membrane to increase 

electrostatic repulsion of neutrophil antimicrobial peptides (31, 32). Additionally, the mprF gene 

encoding lysyl-PG synthase confers resistance to cationic antimicrobial peptides by converting 
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negatively charged PG into lysyl-PG with the addition of positively charged L-lysine (33). SA 

secretion of staphylokinase and extracellular adherence proteins (Eap) inhibits neutrophil 

defensin, elastase, proteinase, and capthesin mediated non-oxidative killing of SA (34, 35). 

Oxidative killing by neutrophils is performed by reactive oxygen species (ROS) in the 

phagosome. SA secretes virulence factors that target multiple proteins in the ROS production 

pathway to reduce oxidative killing. These include SA superoxide dismutases SodM and SodA 

(36), Staphyloxanthine (37) methionine sulfoxide reductase proteins (38), and virulence factors 

under the SaeR/S two component system (39). Despite these evasion mechanisms, ROS 

mediated killing of SA is essential for host defense, as demonstrated in patients with chronic 

granulomatous disease, a genetic disorder that causes defects in NADPH oxidase; these 

patients have increased occurrences of SA infections (40). SA can also reside in large 

phagosomes, termed macropinosomes, and establish an infection in naïve mice after adoptive 

transfer of infected neutrophils (41). In a model of SA surgical wound infection, neutrophils 

containing intracellular SA were recruited to the wound via IFN-g driven CXCL2 chemokines and 

led to increased bacterial burden at the wound site (42).  

 The final mechanism that neutrophils enact to kill SA is to undergo a terminal cell fate 

pathway called NETosis. This involves ROS-dependent extrusion of neutrophil extracellular 

traps (NETs) containing DNA coated with antimicrobial proteins (15). SA escapes NETs by 

secretion of the SaeR/S regulated factor nuclease (nuc) (43), which induces apoptosis of 

infiltrating macrophages in SA abscesses (44). Neutrophils that have successfully engulfed SA 

and undergo apoptosis are also inhibited from macrophage efferocytosis by SA upregulation of 

CD47, leading to inefficient clearance (45). It is clear from these studies that while neutrophils 

are key in the destruction of SA bacteria, SA has adapted many sophisticated mechanisms to 

circumvent this professional killer. 

 While neutrophils are the innate immune cell most associated with SA killing, another 

professional phagocyte, macrophages, are critical for control of SA infection. Ingested bacteria 
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are internalized into phagosomes, which fuse with lysosomes to become phagolysosomes, 

compartments containing antimicrobial peptides and low in pH, which is inhibitory to bacterial 

growth (46). SA has evolved to evade intracellular macrophage killing by selection pressure 

under low pH through upregulating the sensor kinase Gras (47). SA growth inside macrophages 

can also contribute to dissemination and evasion of neutrophil killing (48).  

 In addition to phagocytosing SA, macrophages and neutrophils express pathogen 

recognition receptors (PRRs) which play important roles in immune signaling during SA 

infection. Macrophages and neutrophils express TLR2 on their surface which recognize PAMPs 

on SA, including lipoproteins and lipotechoic acid (LTA) (49). Both TLR2 and MyD88 are critical 

for SA protection, as TLR2-/- and MyD88-/- mice have increased mortality after SA systemic 

infection (50). However, TLR2 is dispensable for SA skin infection control (51, 52). TLR2 

activation leads to production of TNF-a and IL-6, which enhance neutrophil killing of SA (53). 

TLR2 heterodimerizes with TLR1 or TLR6 to induce downstream MyD88-dependent signaling; 

SA secretion of superantigen-like protein 3 (SSL3) inhibits TLR1/TLR6 heterodimerization to 

circumvent innate cell activation (54). In addition to TLR2, NOD2 is important for SA control; 

NOD2-deficient mice are more susceptible to SA systemic infection, with defects in neutrophil 

and macrophage phagocytosis (55). NOD2, which is expressed intracellularly in monocytes and 

macrophages, recognizes SA peptidoglycan in synergy with TLR2 (56). NOD2 recognition of SA 

a-hemolysin was critical for control of SA skin infection, enhancing SA clearance and neutrophil 

killing (57). In summary, neutrophils and macrophages play keys roles in immune defense 

against SA infection; however, SA has evolved many sophisticated mechanisms to circumvent 

killing by these innate immune cells.  
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1-1.2b B cell response to SA 

Because SA is an extracellular pathogen, B cells were thought to be the primary immune 

cell contributing to SA protection. The primary function of B cells is to produce antibodies, which 

bind to bacterial antigens to neutralize and opsonize bacteria. In the case of SA infection, B 

cells are dispensable for control of infection. B cell genetic knockout mice (µMT) and wildtype 

mice had similar bacterial burdens following systemic infection with SA LS-1 strain (58). There is 

evidence to suggest that antibody titers in humans correlate with protection, but this evidence 

varies by infection site. A cohort of patients with invasive SA infections that developed anti-a-

hemolysin antibodies had reduced recurrence of infection over a 12-month period relative to 

patients with cutaneous infections (59). Another study measuring antibody titers in SA 

bacteremic patients identified higher SA exotoxin antibody titers in patients that did not develop 

sepsis versus sepsis patients (60). A more recent study identified long-lived memory B cells 

reactive to conserved epitopes of SA toxins in patients who experienced SA skin and soft tissue 

infections. These control patients also had circulating B cells, suggesting that the healthy 

controls in their cohort may have been exposed to subclinical levels of SA (61).  

 As previously described, SA secretes virulence factors, including SpA and Sbi, that 

inhibit opsonization. SpA can also act as a B cell superantigen, binding to the F(ab)2 region of 

the BCR in complex with soluble IgG to induce B cell deletion (62, 63). SA toxins can also act to 

generate pathogenic anti-toxin antibodies. In a model of SA cutaneous infection, mice receiving 

anti-Panton-Valentine leukocidin (anti-PVL) antibody treatment had increased bacterial burdens 

in skin following infection with PVL positive SA strains; anti-PVL inhibited neutrophil activation 

and antibacterial effects (64). Additionally, treatment of mice with antibodies specific for SA 

capsular polysaccharide and poly-N-acetyl glucosamine inhibited SA opsonization and 

increased bacterial burdens in SA skin and systemic infection due to binding of the two 

antibodies together via idiotype-anti-idiotype interaction, which prevented binding of the 
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antibodies to the bacterial surface (65). In summary, B cell antibody production can aide in 

clearance of SA infection. However, there is debate on how efficacious antibodies are at 

controlling SA infection, as B cells in mice are dispensable for control of some SA strains. 

 

1-1.2c Prior vaccine designs targeting SA infections and their failures in the clinic 

  The majority of SA vaccines to date have focused on generating B cell antibody 

production against SA surface proteins and showed promise in pre-clinical animal models. In 

Table 1, I summarized a list of SA vaccines that have progressed up to phase III clinical trials 

and their current clinical status. Justification for generation of these vaccines and their clinical 

outcomes are summarized below. 

 Only two vaccine candidates, StaphVax and Merck V710, have progressed up to phase 

III clinical trials. StaphVax targeted the SA capsular polysaccharides CP5 and CP8. Preclinical 

animal studies demonstrated that passive immunization with purified IgG from animals 

immunized with a vaccine composed of CP5 and CP8 covalently linked to Pseudomonas 

aeruginosa exotoxin A protected immunized rats from SA induced endocarditis and immunized 

mice from SA sepsis induced mortality (66, 67). Initial efficacy testing with a prime plus boost of 

StaphVax in hemodialysis patients demonstrated an increase in anti-CP5 and CP8 antibody 

titers after vaccination (68). However, a phase III clinical trial of StaphVax in patients with end-

stage renal disease showed no efficacy in preventing bacteremia in vaccinated vs. placebo 

patients despite generation of anti-CP antibody titers (69). Merck V710 targeted the surface 

protein iron surface determinant B (IsdB) of SA, an iron sequestering protein conserved across 

many SA strains. Pre-clinical studies demonstrated a protective effect of IsdB purified protein 

plus aluminum hydroxyphosphate sulfate adjuvant in vaccinated mice challenged with SA 

bacteremia; additionally, rhesus macaques vaccinated with IsdB generated IsdB-specific 

antibodies (70). However, when Merck V710 was given to cardiothoracic surgery patients in a 

phase III trial to test efficacy of the vaccine to prevent SA bacteremia and deep surgical wound 
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infection, the study was terminated early due to increased multiorgan failure and mortality in 

vaccinated patients vs. placebo who later developed SA infections, despite the generation of 

high anti-IsdB IgG titers in vaccinated individuals (71). A post-trial analysis identified that 

patients with low IL-2 and IL-17A serum levels preoperatively who received the vaccine were 

associated with higher mortality after postoperative SA infection, suggesting that T cells were 

critical in directing the long term protection to the IsdB vaccine (72).  

 Another SA vaccine, SA4Ag, targeted CP5 and CP8 plus two additional proteins, surface 

protein clumping factor A (ClfA) and lipoprotein manganese transporter protein C (MntC), the 

last of which is responsible for sequestering manganese (73). Mice immunized with a ClfA 

vaccine were protected from SA sepsis, with protection mediated by IL-17A producing CD4+ T 

cells (74). Manganese is a cofactor for superoxide dismutase, which enhances SA survival in 

the phagolysosome by inactivating ROS (36). Despite the ability of SA4Ag to induce long-term 

antibody titers against CP5, CP8, and ClfA and target cellular immunity, vaccine development 

was suspended after a phase IIB study did not meet efficacy targets (75).  

 Vaccines currently in the developmental stage that have passed phase I clinical trials 

share targeting of SA secreted toxins. These include a multi-component vaccine, produced by 

the pharmaceutical company Integrated BioTherapeutics, targeting SA enterotoxins A, C1, and 

toxic shock syndrome toxin (TSST). A phase I clinical trial demonstrated safety in healthy 

patients given this vaccine (76). A second enterotoxin vaccine (STEBvax) targeting SA 

enterotoxin B (SEB) was safe and generated anti-SEB IgG neutralizing antibodies in vaccinated 

individuals (77). Lastly, a multi-component vaccine targeting SA a-toxin and PVL was safe and 

generated anti-rAT and anti-PVL neutralizing antibodies (78). In summary, SA vaccines to date 

have primarily targeted SA surface antigens or endotoxins and antibody titers and neutralization 

have been used as measures of efficacy. However, as has been demonstrated in vaccines that 

progressed up to phase III clinical trials, targeting B cell-mediated immunity alone has not been 

effective at inducing protective immunity against SA. In the following section, I will highlight the 
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role that T cells in SA infections, and how targeting cellular mediated immunity may be 

beneficial in future SA vaccine design.  

 

Vaccine Target Phase Infection type Clinical 
outcome 

citation 

StaphVax Capsular 
polysaccharide 
(CP) 5 & 8 

III Bacteremia Augmented 
antibody 
titers, no 
protection 
after boost 

(68, 69) 

Merck 
V710 

IsdB IIB/III Post-operative 
cardiothoracic 
surgery: 
bacteremia/deep 
sternal wound  

IsdB specific 
antibodies; 
increased 
mortality 

(71, 72) 

SA4Ag CP5, CP8, 
rmClfA, rrMntC 

IIB Spinal fusion 
surgery: 
bacteremia, SSI 

Discontinued (75) 

N.A. Enterotoxin A 
and C1, TSST 

I - Safety 
completed 

(76) 

STEBvax 
 

SEB I - Safety, SEB 
IgG 
neutralizing 
antibodies 

(77) 

N.A. rAT/r rLukS-PV 
 

I - Safety, 
neutralizing 
antibodies 

(78) 

Table 1: SA vaccines in development or stopped due to low efficacy. Adapted from (79). 
 

1-1.3 T cell response to SA infection 

 Despite the traditional thinking that humoral immunity is the main driver of immune 

defense against extracellular pathogens, T cells are now recognized as critical players in 

protection against SA in multiple routes of infection, as shown in humans and preclinical animal 

models. HIV patients with decreased CD4+ T cell counts have increased susceptibility to SA 

bacteremia (80, 81), though whether this susceptibility is due to lack of CD4+ T cells or lack of 

CD4+ T cell help to B cell antibody production is unknown. Additionally, patients with hyper IgE 

syndrome who have a STAT3 mutation, resulting in an inability to develop Th17 cells, have 

increased susceptibility to SA skin and pulmonary infections (82). In mouse models of infection, 
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both CD4+ T cells and gd T cells produce cytokines and protect against SA, while a protective 

role for CD8+ T cells has not been explored. Below I will summarize what is known about the 

CD4+ T cell and gd T cell response to SA, as well as discuss the role that other non-conventional 

T cells play in SA immunity. 

 

1-1.3a CD4+ T cells in SA infections 

 The earliest role for T cells in SA infection was demonstrated in 1988, with the 

characterization of SA superantigens enterotoxins A and B crosslinking MHC-II and the TCR to 

activate human CD4+ T cell clones (83). Despite the ability of CD4+ T cells to be activated by 

superantigens and cause pathogenic inflammation, they can also play protective roles in SA 

infection, which most groups have attributed to IFN-g and/or IL-17A production, dependent upon 

the strain of SA and the infection site (84). In a murine model of SA nasal carriage, T cells and 

IL-17A-mediated neutrophil influx, but not B cells or gd T cells, were required for clearance of SA 

(85). Additionally, mice vaccinated with a recombinant N-terminus of a Candida Alsp3 adhesin 

plus adjuvant were protected from SA bacteremia, which was mediated by IFN-g and IL-17A 

producing CD4+ T cells (86). IL-17A/IL-17F double knockout mice, but not IL-17A-/- or IL-17F-/- 

mice had increased mucocutaneous CFU following infection with SA strain 834, but displayed 

similar bacterial burdens to wild-type mice in the kidney after systemic infection (87).  

While the majority of murine studies have focused on IL-17A production by CD4+ T cells, 

there have been a number of studies implicating IFN-g production by CD4+ T cells as either 

beneficial or detrimental. CD4+ memory T cells produced IFN-g upon secondary peritonitis 

challenge, which enhanced recruitment of macrophages and clearance of SA (88). In contrast, 

mice vaccinated with irradiated SA had decreased survival upon bacteremic challenge, 

mediated by IFN-g producing pathogenic CD4+ T cells (89). In a model of SA surgical wound 

infection, IFN-g producing CD4+ T cells activated by CP8 were detrimental to clearance of SA, 
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by driving increased neutrophil influx and inflammation at the surgical wound site (42). In a 

model of SA pneumonia, CD4+ T cells producing proinflammatory cytokines increased 

pathology and bacterial burden in the lung of SA challenged mice (90). These studies highlight 

the differential roles CD4+ T cells can play in SA immunity. 

Despite evidence that CD4+ T cells can be beneficial to clearance of SA infection, SA 

secretes virulence factors which can kill or hyperactivate T cells. The extracellular SA toxins a-

toxin and leukocidin LukDE can directly lyse T cells by binding ADAM10 and CCR5, 

respectively, on the T cell surface, leading to pore formation and lysis (91, 92). In addition to 

killing T cells, SA can hyperactivate T cells via secreted superantigens. Across strains, SA 

encodes 23 different superantigen genes, contained on pathogenicity islands or mobile genetic 

elements (84). Up to 80% of SA strains encode at least 1 superantigen gene, with the average 

being five or six per strain (93). Superantigens act by binding conserved structures on the MHC-

II molecule and the TCR, leading to activation independent of antigen, with individual SA 

superantigens targeting different TCR Vb chains. Up to 20% of the total T cell population can be 

activated in this manner, leading to hypersecretion of cytokines, termed cytokine storm, which 

can drive toxic shock syndrome, a life-threatening condition leading to organ failure and death if 

left untreated (93). Once a cytokine storm is induced, superantigen-activated T cells become 

hyporesponsive to antigenic stimulation, leading to an impaired B cell antibody response (84). 

However, studies demonstrating that T cells become anergic following SA superantigen 

activation were performed in mice without humanized MHC-II molecules, leaving the effect of 

superantigens on T cell anergy in the human setting in doubt (94). Despite the ability of SA 

superantigens to cause serious disease, the case burden of SA induced toxic shock syndrome 

is rare relative to the number of SA infections per year (95). Additionally, a link has been made 

between the ability of SA carriers to have better outcomes upon SA bacteremic infection and the 

generation of anti-toxin neutralizing antibodies in these patients (96). These data suggest that 
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superantigens can act to promote SA colonization and passive infection, leading to persistence 

and transmission. 

SA can also direct the immune response away from protective Th1/Th17 polarization. 

SA peptidoglycan, found on the surface of the SA cell membrane, is recognized by monocytes 

and macrophages via TLR2; PBMC derived peptidoglycan-activated monocytes and 

macrophages were shown to polarize T cells to produce anti-inflammatory IL-10 (97). 

Additionally, SA phenol-soluble modulin (PSM) peptide toxin activated PBMC derived DCs to 

drive polarization of T regulatory cells (98). In summary, CD4+ T cells protect against SA 

infection by polarizing to a Th1 and/or Th17 phenotype, however SA has found mechanisms to 

circumvent or misdirect T cell help.  

 

1-1.3b gd T cells in SA infections 

 gd T cells have been well studied in SA infections, particularly in SA skin infection 

models. gd T cells producing IL-17A were required for control of SA bacterial burden and lesion 

size in a murine skin infection model (99). A more recent paper identified IL-17A producing 

Vg4+Vd6+ gd T cells expanded in skin draining LNs and trafficked to the site of SA skin infection 

to control bacterial burden and neutrophil recruitment (100). Clonotypic memory gd T cells 

expanded in skin draining LN were also shown to protect mice after secondary SA skin 

infection, however this protection was mediated by IFN-g and TNF-a production, not IL-17A 

production (101). 

In addition to skin infection, gd T cells have been shown to contribute to SA control in 

other models of infection. IL-17A producing gd T cells provided protection in a model of SA 

surgical site infection, however protection was dependent on the ability of different SA strains to 

induce IL-1b production by APCs, which drove IL-17A production by gd T cells (102). In a model 

of SA peritonitis infection, memory vg4+ gd T cells contributed to enhanced IL-17A production 
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and bacterial burden reduction in the peritoneum following secondary challenge (103). In a 

murine SA pneumonia model, IL-17A producing gd T cells were also required for bacterial 

burden reduction, however gd T cell competent mice had increased lung pathology compared to 

gd T cell deficient mice (104). In summary, gd T cells show protection against multiple murine SA 

infection sites, and this protection is mainly mediated by IL-17A. 

While there is no direct evidence for superantigen activation of gd T cells, a few studies 

have demonstrated that gd T cells proliferate in response to SA superantigen treatment. gd T 

cells proliferated in rats treated with SEB and mice treated with SEA, however this proliferation 

was promoted by indirect activation of conventional T cells stimulated by SEA in the case of the 

murine model and the mechanism in the rat model was not addressed (105, 106). A study with 

human derived gd T clones showed that these clones proliferated in response to SEA presented 

by B cells, however the binding of SEA to MHC-II and the Vg chain has not been confirmed by 

crystal structure (107). In the case of SEA, mice challenged intranasally developed lung 

inflammation driven by IL-17A producing gd T cells, demonstrating that superantigen-mediated 

gd T cell activation can be detrimental to the host (106).  

 

1-1.3c CD1-restricted T cells in SA infections 

 The role of CD1-restricted T cells has not been well studied in SA infection. CD1 

molecules can be divided into 2 groups, group 1 CD1 and group 2 CD1, based on lipid antigen 

reactivity and expression pattern. Group 1 CD1 is composed of 3 isoforms, CD1a, CD1b, and 

CD1c, while group 2 CD1 contains CD1d. Group 1 CD1 is found in humans and higher 

mammals, while group 2 CD1d is present in all mammals, including mice. NKT cells are 

restricted by CD1d and can be divided into 2 types: type I or invariant NKT (iNKT) cells utilize an 

Invariant TCRa chain paired with limited Vb chains while type II NKT cells utilize diverse Va/Vb 

chains (108). Pretreating mice with the self-lipid sulfatide stimulated type II NKT cells and 
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protected mice from SA induced sepsis in a CD1d-restricted manner (109). Additionally, iNKT 

cells that express a conserved Vb8 chain were activated by SA SEB, independent of CD1d and 

dependent on MHC-II (110). Depletion of iNKT cells in HLA-DR4-Tg humanized mice treated 

with SEB substantially reduced SEB-driven toxic shock syndrome, indicating that activation of 

iNKT cells by SEB was detrimental to host outcomes (111). Another murine study demonstrated 

that LN NK1.1- iNKT cells produced IL-17A in response to heat-killed SA stimulation ex vivo and 

in vivo (112). As will be discussed in the results section, our studies showed a beneficial role for 

NKT cells in protection against the USA300 strain of SA, the dominant methicillin-resistant 

community acquired SA strain in the United States (113). Importantly, the USA300 strain does 

not encode the SEB superantigen, which may explain the discrepancy between our studies and 

the above mentioned studies (113).  

 While CD1d-restricted NKT cells are found in mice and humans, group 1 CD1-restricted 

T cells are only found in humans and primates (108), making their study in the context of SA 

infection limited. One study generated SA specific human CD1b-restricted T cell clones by 

stimulating T cells with CD1b-dextramers loaded with SA lipid extract and enriching over 

multiple sort rounds. These CD1b-restricted T cell clones produced either autoreactive or CD1b-

restricted IFN-g after stimulation with CD1b transfected K562 cells loaded with SA total lipid 

extract and specifically recognized SA-derived PG loaded dextramers (114). Recent work by our 

lab, using a humanized group 1 CD1 transgenic mouse (hCD1Tg), demonstrated that group 1 

CD1-restricted T cells recognized cardiolipin and PG lipid species derived from the SA cell 

membrane. Group 1 CD1-rectricted T cell clones, generated by pulsing hCD1Tg infected mouse 

splenocytes with SA derived lipids, produced a host of cytokines, including IL-17A, TNF-a, 

granzyme B, and IFN-g. These group 1 CD1-restricted T cell clones controlled SA in infected 

DCs in vitro and in SA challenged mice in vivo by adoptive transfer (115). In summary, group 1 
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CD1-restricted T cells recognized SA lipid antigens and protected mice from SA systemic 

infection in a humanized mouse model.  

 

1-1.3d Evidence for T cell protection against SA in humans 

 In addition to murine studies, there is evidence for T cell protection against SA infection 

in humans. As previously mentioned, patients with genetic deficiencies in the development of 

Th17 cells or patients depleted of CD4+ T cells by HIV infection have increased susceptibility to 

developing SA infections (80, 82, 81). Additionally, SA colonized individuals develop antigen-

specific high affinity class switched antibodies, which require T cell help (96, 116). T cells 

isolated from healthy donor PBMC were reactive to heat-killed SA and SA secreted extracellular 

proteins. T cell clones derived from these patients displayed a memory phenotype and 

produced a host of cytokines upon stimulation with SA antigens (117). The diverse number of 

SA strains capably of colonizing humans without resulting in clinical disease may explain the 

discrepancy of high numbers of memory SA antigen-specific T cells in otherwise healthy donors. 

IFN-g producing memory CD4+ T cells recognizing heat-killed SA and ClfA were also identified 

in patients with active SA blood stream infections (88). However, the only SA vaccine in clinical 

trials targeting the T cell response (SA4Ag targeting ClfA) as well as B cell response was 

recently discontinued due to lack of protective efficacy (75), suggesting that additional 

parameters of protection are needed to develop more effective vaccines. 

 

1-2 NKT cells 

1-2.1 Overview of NKT cells 

NKT cells are innate resident T lymphocytes that are activated early in response to 

infection, and rapidly secrete a wide range of cytokines, depending on the nature of the stimuli 

(118). Unlike conventional T cells, which recognize peptides presented by MHC molecules, NKT 

cells recognize a wide range of both self and foreign lipid antigens presented by the MHC class-
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I-like molecule CD1d (119). NKT cells can be divided into two groups, invariant NKT (iNKT) cells 

and type II NKT cells, based on TCR usage and lipid antigen recognition (119). Below I will 

discuss the development, subtypes and contribution of NKT cells towards SA and other 

infectious pathogens.  

 

 1-2.1a NKT cell development and subsets 

 NKT were only discovered approximately 30 years ago. Observational studies of T cells 

in the thymus identified a unique population of TCRb+ cells that was CD4-CD8- and utilized the 

Vb8 TCR (120). These cells also expressed the NK cell marker NK1.1 and produced IFN-g, IL-4, 

and TNF-a after stimulation with anti-CD3 (121-123). Simultaneous studies identified a T cell 

population in the thymus and spleen utilizing Vb2, Vb7, and Vb8 paired with a restricted Va14-

Ja281 rearrangement in mice and Va24-Ja281 rearrangement in humans; these T cells 

required a self-ligand and a nonpolymorphic MHC class Ib molecule presented on 

hematopoietic cells for development in the mouse thymus (124, 125). Va14+ T cells required a 

MHC-I molecule on bone marrow derived hematopoietic cells for positive selection but did not 

require TAP1, suggesting that these cells were selected by a non-peptide self-antigen (126). 

Using a derived T cell hybridoma with Va14-Ja281+Vb8+ expression (DN32.D3), these T cells 

were determined to be restricted by the MHC class-I like molecule CD1.1 (127). CD1.1 is 

expressed on the surface of DCs, macrophages, and B cells and is one of two isoforms 

expressed in mice, which are homologs of human CD1d (128). CD1.1 will hence forth be 

referred to as CD1d. These compiled works identified a new class of T cells termed NKT cells 

that did not respond to peptide antigens. 

A seminal study identified glycolipid antigens as ligands for Va14+ T cells, by this time 

termed iNKT cells, due their restricted TCR usage and NK cell characteristics (129). This study 

identified a-galactosylceramide (a-GalCer) and a-glucosylceramide (a-GlcCer), which share 
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common structural motif of an a-anomeric confirmation of a sugar moiety, as lipid antigens 

recognized by iNKT cells via CD1d presentation. Two independent groups developed CD1d 

tetramers loaded with a-GalCer to track iNKT cells in vivo and found iNKT cells to be most 

enriched in the mouse liver (20-30%), with smaller percentages found in the spleen (1%), gut 

(1%), thymus (0.7%), bone marrow (0.4%), and LN (0.4%) (130, 131). Additionally, a-GalCer 

loaded human CD1d tetramers identified iNKT cells in human PBMC (130). For both of these 

studies, it was discovered that a-GalCer CD1d tetramer positive iNKT cells contained both 

NK1.1+ and NK1.1- populations, the latter of which were previously excluded due to the original 

identification of NKT cells by FACS staining using NK1.1+TCRb+ markers.  

iNKT cells diverge from conventional T cell development at the CD4+CD8+ double 

positive (DP) stage (132). CD1d expressing a self-lipid on cortical DP thymocytes selects for 

iNKT cells at this stage and requires signaling through the Src kinase Fyn and SLAM-associated 

protein SAP (133). Co-stimulation of DP cells through the TCR and SLAM receptors upregulates 

Egr2 in iNKT precursors, which is essential for the upregulation of PLZF (134). Initial studies of 

a-GalCer CD1d tetramer+ iNKT cell development in the mouse thymus identified a population of 

CD24loD44loNK1.1- (stage 0) precursor cells downstream of DP thymocytes which followed a 

developmental sequence to CD44hiNK1.1− and finally CD44hiNK1.1+ terminally differentiated 

iNKT cells (135). iNKT cells from these three developmental stages had differential cytokine 

production to a-GalCer stimulation, with high IL-4 production in CD44loNK1.1- iNKT cells and 

high IFN-g production in CD44hiNK1.1+ iNKT cells. While the majority of iNKT cells in the 

periphery were CD44hiNK1.1+, CD44hiNK1.1+ iNKT cells were also found in the thymus, and 

NK1.1- populations were exported to the periphery, which contradicted the initial conclusions in 

the field that the NK1.1- population in the thymus gives rise to the NK1.1+ population in the 

periphery (136).  
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Because iNKT cell development, but not conventional T cell development, was perturbed 

in PLZF-/- mice, PLZF was identified as a key regulator of iNKT development (137). Following 

work showing that conventional CD4+ T cells can be divided into Th1, Th2, and Th17 cells 

subsets based on differential transcription factor expression of T-bet, GATA-3, and RORgt (138), 

Hogquist and colleagues demonstrated that iNKT cells can be divided into 3 distinct groups, 

NKT1, NKT2, and NKT17, based on differential expression of these transcription factors plus 

PLZF (139). Based on these studies, NKT cell subsets are defined as NKT1 (PLZFloT-bet+), 

NKT2 (PLZFhiGATA-3hi), and NKT17 cells (PLZFintRORgt+). Moreover, it was identified that 

NKT1 cells predominantly express NK1.1, while NKT2 and NKT17 cells are NK1.1-. Different 

strains of mice are predisposed to development of NKT1 cells (C57B/L6) or NKT2/NKT17 cells 

(BALB/c) in the periphery. The 3 NKT cell subtypes also produced different cytokines in 

response to a-GalCer stimulation: NKT1 produced IFN-g, NKT2 produced IL-4, and NKT17 

produced IL-17A. In addition to this seminal study, recent work has identified PLZF-E4BP4+ 

NKT10 cells producing IL-2 and IL-10 in adipose tissue (140) and IL-21 producing Bcl-6+ NKT 

follicular helper (NKTFH) cells in spleen germinal centers (141). Single cell RNAseq of NKT1, 

NKT2, NKT17, and a precursor population NKT0 from mouse thymus identified heterogeneity in 

gene expression within each subset population but failed to identify additional subsets of NKT 

cells such as NKT10 and NKTFH cells, suggesting that these populations may arise in the 

periphery (142). These data demonstrated that iNKT cells follow a lineage diversification model 

rather than a sequential lineage development model, however the factors driving NKT cells into 

different subset development in the thymus are unknown.  

While iNKT cells have received a majority of the attention due to availability of the a-

GalCer CD1d tetramer, type II NKT cells represent a second subset of NKT cells that have been 

much less studied. Observations in MHC-II-/- mice identified a significant population of CD4+ T 

cells that were not MHC-II restricted (143). CD4+ T cell hybridomas derived from MHC-II-/- mice 
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were reactivate to CD1d and expressed diverse Va and Vb chains. Using transgenic mice 

(24ab Tg) derived from one of these hybridomas, a CD1d autoreactive T cell clone utilizing 

Va3.2 and Vb9 TCR rearrangement (VIII24), it was shown that these CD1d-restricted T cells 

displayed a similar phenotype to iNKT cells (144). The majority of 24ab Tg T cells were 

NK1.1+CD122+ and displayed an effector memory phenotype (CD44hiCD62Llo). They also 

produced IL-4 and IFN-g upon TCR stimulation and required CD1d for development. Together 

these results classified a new subset of NKT cells, termed type II or variant NKT cells, that do 

not express the invariant Va14-Ja18 rearrangement utilized by iNKT cells.  

iNKT cells were demonstrated to constitutively express IL-4 mRNA, measured by GFP+ 

expression, in IL-4 gene knockin bicistronic reporter mice (4get) (145). Utilizing 4get mice 

lacking iNKT cells, our lab demonstrated that the majority of 4get polyclonal type II NKT cells 

were NK1.1+CD122+CD44hiCD62Llo expressing cells, similar to 24ab T cells (146). Polyclonal 

type II NKT cells also utilized diverse Va/Vb chains, similar to what was demonstrated with NKT 

hybridomas, with the majority utilizing Vb8.1/8.2 TCRs in the mouse. Similar to iNKT cells, type 

II NKT cells expressed high levels of PLZF in the thymus and required PLZF and SAP for 

development. It is unclear at this time whether type II NKT cells have a similar development 

pathway to iNKT cells and whether subsets of type II NKT cells with similar characteristics to 

iNKT1, iNKT2, and iNKT17 cells, are present in mice and humans. However, given the similar 

surface expression profile of these two groups and developmental requirement for SAP and 

PLZF, it is likely that type II NKT cells develop from DP thymocytes, like iNKT cells, and have a 

similar development pathway to iNKT cells in the thymus. 

 

1-2.1b Lipid antigen loading and presentation by CD1 

 Unlike MHC molecules, CD1 molecules are non-polymorphic and have deeper antigen-

binding grooves that can present a variety of hydrophobic lipid antigens (147). CD1 molecules 
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are composed of non-covalently linked heterodimers, formed from isotype specific heavy 

chains, linked to b2-microglobulin, and undergo assembly and loading of self-lipids in the 

endoplasmic reticulum. After assembly, Group 1 CD1 (CD1a, b, and c) and group 2 CD1d traffic 

to the surface of the cell, where they present lipid antigens (148), while group 1 CD1e is 

expressed intracellularly and helps with processing of lipid antigens loaded onto CD1b (149). In 

the majority of cases, lipid antigen uptake by CD1 molecules from sources outside the cell 

require recycling of CD1 into endosomal compartments, where lipid loading occurs, before 

trafficking back to the cell surface. Differences in the size of the lipid antigen binding groove and 

endosomal trafficking patterns within the cell allow for different CD1 isoforms to present a wide 

variety of lipids. CD1a has the smallest binding groove of the CD1 molecules and recycles 

through early endosomes, CD1b has the largest binding groove and recycles through late 

endosomes, and CD1c has an intermediate binding groove and traffics through early and late 

endosomes (147). CD1d, which presents lipid antigens to NKT cells, also has an intermediate 

binding groove and recycles through early and late endosomes. In the following section, I will 

focus on the types of lipid antigens loaded onto CD1d, how loading occurs, and the cell types 

involved in lipid antigen presentation. 

 Once CD1d is assembled in the endoplasmic reticulum, it initially binds to polar and non-

polar self-lipids, including sphingomyelins and phospholipids, to stabilize the CD1 complex (150-

152). CD1d then shuttles to the cell surface and is internalized into early and late endosomal 

compartments regulated by expression of tyrosine sorting motifs bound to AP-2, where it 

samples both self and foreign lipid antigens, before trafficking back to the cell surface (153). In 

mice, CD1d associates with AP-3, allowing CD1d to traffic to late endosomes and lysosomes 

(154). Lipids can be taken up from the periphery through endocytosis, pinocytosis, or 

phagocytosis of lipids bound to scavenger proteins like low-density lipoprotein where they can 

be loaded onto CD1d in endosomes (155). Alternatively, lipid transfer proteins such as saposins 

can facilitate loading of foreign lipid antigens onto CD1d (156). However, since most of studies 



 

 

35 

identifying lipid antigens recognized by NKT cells have used NKT cell hybridomas and purified 

lipids, the mechanisms governing the breakdown and loading of microbial lipid antigens onto 

CD1d remain elusive.  

CD1d is constitutively expressed by many hematopoietic and non-hematopoietic cells, 

including thymocytes, B cells, T cells, macrophages, dendritic cells, and epithelial cells (148). 

The CD1d binding groove contains 2 pockets, an A’ and an F’ pocket, which can bind lipids up 

to C42 in length (153). In the classical model of CD1d lipid antigen presentation, the alkyl chains 

of the lipid are inserted into the CD1d binding cleft, while the head group is exposed for 

recognition by the TCR of the NKT cell (157). While the head group is necessary for lipid 

antigen recognition, alterations in alkyl chain length and saturation affect lipid loading onto 

CD1d and subsequent NKT cell TCR recognition (158). Multiple self and foreign lipid antigens 

have been identified that can bind to CD1d and be recognized by NKT cells. Below we will 

describe these lipids and their role in the context of an infection setting. 

 

1-2.1c NKT cell activation kinetics and effector function 

 Both iNKT cells and type II NKT cells are considered innate-like T cells, due to their 

ability to rapidly produce cytokines after activation and exert effector function prior to 

conventional T cell activation. iNKT cells can be activated by self and microbial products 

through two mechanisms (159). The first is direct lipid antigen presentation on CD1d to the TCR 

of iNKT cells along with CD40-CD40L co-stimulation with APCs. In addition to a-GalCer, iNKT 

cells recognized glycosphingolipids from Sphingomonas species (160) and glycoglycerol lipids 

from Streptococcus pneumoniae and Borrelia burgdorferi (161) presented by CD1d. iNKT cells 

also recognized CD1d presented phosphatidylinositol mannoside from Mycobacterium 

tuberculosis (162), a cholesterol ester with an a-linked glucoside from Helicobacter pylori (163), 
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a-GalCer derived from Bacteroides fragilis (164), and lipophosphoglycan from Leishmania 

donovani (165).  

The second mechanism of iNKT cell activation occurs through cytokine driven signals 

with or without self-lipid antigen presented by CD1d. iNKT cells constitutively express receptors 

for IL-12 and IL-18 cytokines; stimulation of iNKT cells with these cytokines upregulated IFN-g 

production by iNKT cells (166, 167). DC derived IL-12, driven by TLR activation, along with 

CD1d presentation of self-lipids was demonstrated to activate iNKT cells in models of 

Aspergillus fumigatus infection and Salmonella enterica Serovar Typhimurium (S. Typhimurium) 

infection (168, 169). TLR9 stimulating CpG oligodeoxynucleotide also induced CD1d-restricted 

IL-12-dependent IFN-g production by iNKT cells (170). In some cases, foreign lipids antigen 

alone is too weak to stimulation iNKT cells. Phosphoinositol derived from Entamoeba histolytica 

required both IL-12 and CD1d-presentation to activate iNKT cells (171). In contrast, E. coli 

derived LPS stimulated iNKT cells to produce IFN-g by IL-12 and IL-18 signaling alone 

independent of CD1d presentation of self-lipid (172). These studies suggest a conserved model 

of TLR recognition by DCs leading to activation of iNKT cells in microorganisms either lacking 

cognate lipid antigens or containing weak lipid antigens recognized by iNKT cells. It has also 

been demonstrated that cytokine driven signals rather than antigen-specific signals dominate to 

activate iNKT cells in various infection models (173). 

 Similar to iNKT cells, type II NKT cells can be activated by self-lipid antigens presented 

by CD1d. Sulfatide, a self-lipid antigen derived from myelin, was the first lipid antigen 

demonstrated to be recognized by type II NKT cells in vivo using sulfatide loaded CD1d 

tetramers (174). The type II NKT hybridoma XV19 (Va1+Vb16+), derived from CD4+ T cells from 

MHCII-/- mice (143), recognized multiple isoforms of sulfatide presented by CD1d (175). Mouse 

sulfatide CD1d tetramer+ T cells utilized diverse Va/Vb chains, demonstrating the polyclonal 

nature of type II NKT cells (176). Type II NKT cells also recognized CD1d loaded b-
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glucosylceramides and glucosylsphingosine, sphingolipids that accumulate in Gaucher’s 

disease (177), as well as lysophosphatidylcholine, a self-lipid which is upregulated in 

inflammatory conditions (178).  

 Like iNKT cells, type II NKT cells can recognize foreign lipid antigens presented by 

CD1d. Type II NKT cell hybridomas recognized phosphatidylglycerol, cardiolipin, and 

phosphatidylinositol from Corynebacterium glutamicum and Mycobacterium tuberculosis (179), 

as well as phosphatidylglycerol from Listeria monocytogenes (180). It is unclear whether type II 

NKT cells can be activated by cytokine driven signals in the absence of cognate lipid antigens, 

similar to iNKT cells. CpG induced partially CD1d-restricted IFN-g production by hepatic 

Va3.2+Vb9+ type II NKT cells from transgenic mice (24ab Tg) (146). A recent study showed that 

sorted type II NKT cells from spleens of 24ab Tg mice stimulated with TLR agonists in the 

presence of DCs produced IFN-g independent of CD1d-TCR receptor signaling and dependent 

on IL-12, with variable dependence on IL-15 and IL-18 (181). The discrepancy in these two 

studies could be due to the source of type II NKT cells (liver vs. spleen) or different 

requirements of various TLR agonists for TCR mediated signaling.  

The iNKT cell agonist a-GalCer and its synthetic glycolipid PBS57 have been used to 

determine the downstream effects of iNKT cell activation. Stimulation of iNKT cells with a-

GalCer presented by CD8a+ DCs caused upregulation of activation markers, including CD69, 

CD25, and ICOS (182), as well as rapid production of large amounts of IL-4 and IFN-g, due to 

constitutive cytokine mRNA expression which upon activation can be quickly made into protein 

(145). Activated iNKT cells cross-talk with other cell types, causing differentiation of DCs and 

macrophages, neutrophil modulation, induction of IFN-g by NK cells, B cell help, and modulating 

CD4 and CD8 conventional T cell responses (159). iNKT cells also downregulate TCR and 

NK1.1 and undergo proliferation in spleen and liver (183). This expansion and cytokine 

production is short-lived, lasting 2-3 days, followed by upregulation of PD-1, apoptosis, and 
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contraction to homeostatic levels (184). a-GalCer treated iNKT cells also exhibit a 

hyporesponsive phenotype after secondary treatment, with reduced activation, blunted cytokine 

production (skewed towards loss of IFN-g production, not IL-4), and inability to trans activate NK 

cells and DCs (185, 184). This hyporesponsive phenotype lasted for at least 1 month and could 

be overcome by administering a-GalCer loaded DCs or treatment with IL-2 (185). Mice infected 

with Listeria monocytogenes and Mycobacterium bovis also displayed a hyporesponsive 

phenotype to restimulation with a-GalCer ex vivo (186, 187). Additionally, iNKT cells from mice 

injected with heat-killed SA, Escherichia coli, or S. Typhimurium had a reduced capacity to 

produce cytokines to a-GalCer ex vivo stimulation, even up to 3 weeks post injection of heat 

killed-bacteria (188). iNKT cell activation can also lead to detrimental immune pathology in 

atherosclerosis and alcoholic liver disease (189, 190). Therefore, induction of a hyporesponsive 

phenotype in iNKT cells may be a protective mechanism induced by the host to reduce 

overactivation of expanded iNKT cells to prevent overt inflammation and pathology. 

 Due to the lack of unique tetramer or marker for type II NKT cells, their function and 

cytokine producing capacity after activation is not well studied. Polyclonal IL-4 mRNA 

expressing type II NKT cells produced IFN-g, IL-4, IL-13, and GM-CSF after anti-CD3 

stimulation and had an IL-4/ GM-CSF skewed response to CD1d overexpressing DCs (146). In 

contrast, monoclonal Va3.2+Vb9+ type II NKT cells from 24ab Tg mice produced a cytokine 

profile skewed towards IFN-g rather than IL-4 production after PMA/Ionomycin stimulation (191). 

These studies suggest some heterogeneity in cytokine response of type II NKT cells.   

Information on the functional consequences of type II NKT cell activation has mainly 

been gleaned from studies of inflammatory conditions and infections using 24ab Tg mice. 

Adoptively transferred 24ab Tg T cells prevented type 1 diabetes onset in NOD mice by 

upregulation of ICOS and PD-1/PDL-1 signaling (192). Activation of type II NKT cells with 

sulfatide also protected mice from alcoholic liver disease (193) and hepatic ischemic reperfusion 
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injury (194) through inhibition of proinflammatory cytokine production by pathogenic iNKT cells. 

However, overexpression of CD1d in 24ab Tg mice led to spontaneous development of colitis in 

these mice and production of IL-17A and IFN-g by dysregulated 24ab Tg T cells (195). These 

results demonstrated that type II NKT cells can have a regulatory or pathogenic role during 

autoimmune and inflammatory conditions dependent on the cytokines they produce.  

 

1-2.2 NKT cell contribution to infection 

 Both iNKT cells and type II NKT cells have been demonstrated to protect mice from 

various pathogen infections (159, 196). iNKT cells and type II NKT cells can act independently 

or synergistically to contribute to infection control. As has been mentioned previously, iNKT cells 

and type II NKT cells recognize lipid antigens from diverse microbial sources, but presence of 

cognate lipid antigens is not required for NKT cells to become activated and perform effector 

functions during an infection. Below I will discuss the contribution of iNKT cells and type II NKT 

cells to various infections. 

 

1-2.2a NKT cell contribution to bacterial and fungal infections 

 Many studies have used Ja18-/- mice (lacking iNKT cells) and CD1d-/- mice (lacking both 

iNKT cells and type II NKT cells) to assess the contribution of iNKT cells and type II NKT cells in 

infection control. Particular focus has been given to pneumonia and systemic infection models 

due to the enrichment of NKT cells in lung and liver. CD1d-/- mice had increased bacterial 

burden (CFU) following intravenous and oral infection of Listeria monocytogenes, however 

increased CFU was only detected at 2 dpi and returned to wild-type levels by 6 dpi (197). This 

reduction in CFU in wild-type mice was associated with an increase in IFN-g production in liver 

and spleen and IL-12 production in liver of wild-type but not CD1d-/- mice. In an intragastric 

model of Listeria monocytogenes infection, Ja18-/- mice had decreased survival compared to 
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wild-type mice (198). Adoptive transfer of iNKT cells from Va14 Tg mice protected mice from 

infection, which was mediated by IFN-g production. iNKT cells were increased in the liver and 

spleen of mice infected intravenously with Mycobacterium bovis (199). Ja18-/- mice had no 

difference in CFU compared to wild-type mice after infection, however Ja18-/- mice had 

increased granuloma size and number driven by TNF-a production, suggesting that iNKT cells 

limit inflammation and granuloma growth during Mycobacterium bovis infection. iNKT cells were 

activated (upregulated CD69 and CD25) and produced IFN-g after Borrelia burgdorferi infection 

(200). Ja18-/- mice also had increased joint (200) and cardiac inflammation and increased heart 

CFU after infection with Borrelia burgdorferi (201). iNKT cells produced IFN-g to enhance the 

effector function of macrophages, which controlled inflammation and limited Borrelia burgdorferi 

CFU in the heart. Combined, these studies suggest that iNKT cells provide protection in many 

systemic infections.   

In addition to systemic infection, iNKT cells have been studied in pneumonia infection. 

iNKT cells showed MCP-1 dependent expansion and recruitment during yeast Cryptococcus 

neoformans lung infection and were required for control of fungal growth (202). iNKT cells were 

activated and secreted IFN-g in response Aspergillus fumigatus pulmonary infection and were 

required for early CFU and inflammation control (169). Ja18-/- mice had decreased survival and 

increased lung CFU after intratracheal Streptococcus pneumonia infection (203); protection was 

mediated by recruitment of lung iNKT cells from the vasculature to the interstitium via CCL17 

(204) and mediated by iNKT cell production of IFN-g (205). CD1d-/- mice also had reduced 

clearance of Pseudomonas aeruginosa from lungs; administration of a-GalCer improved 

bacterial clearance, mediated by IFN-g (206). These studies demonstrated that iNKT cells 

protected mice from lung infection.  

While the majority of studies have demonstrated a protective role for iNKT cells in 

infection, two studies demonstrated a pathogenic role for iNKT cells during infection. CD1d-/- 
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mice had increased survival and decreased CFU and inflammation following pulmonary 

Francisella tularensis infection, which correlated with iNKT cell production of IFN-g (207). 

Similarly, a second study determined that iNKT cells could be divided into NK1.1+ iNKT cells, 

which were depleted, and NK1.1- iNKT cells, which were expanded and produced IFN-g, 

following intravenous Listeria monocytogenes infection (208). However, in this model Ja18-/- 

mice had reduced CFU compared to wild-type mice, suggesting that iNKT cells are pathogenic 

during Listeria monocytogenes infection.  

Like iNKT cells, several cognate lipid antigens from bacterial species have been 

identified that are recognized by type II NKT cells. However, the direct contribution of type II 

NKT cells to bacterial and fungal infection is very limited. In a mouse model of SA sepsis, 

administration of sulfatide, the self-lipid antigen recognized by a subset of type II NKT cells, 

protected mice from lethal SA systemic challenge (109). Further study is needed to determine 

the role of type II NKT cells in vivo in other bacterial and fungal infections. 

 

1-2.2b NKT cell contribution to viral and parasitic infections 

 iNKT cells protect against a number of viral and parasitic infections. iNKT cells were 

depleted in livers of patients with chronic hepatitis C virus (HCV) infection and HCV cirrhosis 

(209), as well as in PBMC of PCR seropositive HCV patients versus PCR seronegative HCV 

patients and healthy controls (210), which suggested that iNKT cells played a role in HCV 

immunity. Adoptive transfer of human PBMC plus IFN-a treatment lowered viral RNA in HCV 

infected humanized hepatic chimeric mice (211). Protection was mediated by human iNKT cells 

producing IFN-g, as depletion of either iNKT cells or administration of IFN-g blocking antibody 

abolished reduction in viral RNA. iNKT cells were also decreased in PBMC of chronic hepatitis 

B virus (HBV) patients compared to inactive HBV carriers and healthy controls; antiviral therapy 

restored iNKT cell levels in chronic HBV patient PBMC (212). Using 4get and 4get Ja18-/- mice 
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to track iNKT cells and type II NKT cells, both iNKT cells and type II NKT cells were activated, 

noted by the upregulation of CD25 and CD69, produced IFN-g after HBV infection, and were 

required for activation of other liver mononuclear cells, NK cells, T cells, and B cells, and 

reduction of HBV viral DNA (213). Hepatocytes presented endogenous 

lysophosphatidylethanolamine (lysoPE) lipid antigens that were altered after HBV infection on 

CD1d to type II NKT cells. Activated type II NKT cells in turn induced IL-12 production by APCs 

to activate iNKT cells. This study demonstrated that both iNKT cells and type II NKT cells acted 

synergistically to control HBV infection. 

A number of studies have explored the protective effect of iNKT cells in influenza 

infection. Adoptive transfer of iNKT cells reduced mortality and viral titer in Ja18-/-, but not CD1d-

/- mice, after intranasal influenza A virus (IAV) H1N1 infection, by reducing myeloid-derived 

suppressor cell (MDSC) expansion and suppressive function (214). Using a higher dose of 

H1N1, another study demonstrated that increased mortality in Ja18-/- mice was due to increased 

inflammation by infiltrating MCP-1+ monocytes (215). iNKT cells directly targeted and lysed IAV 

infected MCP-1+ monocytes, contributing to lower lung pathology. iNKT cells also expanded and 

upregulated CD69 in the lungs in response to IAV H3N2 infection (216). Ja18-/- mice had 

increased mortality after H3N2 infection which was rescued by adoptive transfer of iNKT cells. 

However, unlike H1N1 infection, H3N2 infected Ja18-/- mice showed no difference in viral titer 

compared to wild-type infected mice but did have increased lung pathology and reduced IAV-

specific CD8+ T cell expansion, which suggested that iNKT cells were important in limiting 

inflammation and activating CD8+ T cells but were dispensable for controlling viral titer during 

H3N2 infection. iNKT cells produced IL-22 in response to H3N2 IAV pulmonary infection, which 

required DC help via TLR7 and RIG-I sensing of viral RNA and was critical for limiting 

inflammation (217). These studies demonstrated that iNKT cells were critical for controlling 
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inflammation and lung pathology, and in some cases viral titer, in different strains of IAV 

infection. 

 NKT cells can be protective or pathogenic during parasitic infections. Ja18-/- mice were 

protected from Toxoplasma gondii gastric infection by loss of pathogenic lamina propria IFN-g 

producing iNKT cells (218). Treatment of mice with a-GalCer skewed iNKT cell cytokine 

production to IL-4 and IL-10 and increased survival. In contrast, iNKT cells producing IFN-g to 

lipopeptidoglycans were required for protection against Entamoeba histolytica infection (171). 

NK1.1+TCRb+a-GalCer CD1d TET- NKT cells (type II NKT) were activated in systemic 

Plasmodium yoelii infection but were not required for protection in vivo (219). In the case of both 

Trypanosome cruzi and Schistosoma mansoni infection, Ja18-/- mice had increased mortality 

and inflammation and increase egg burden respectively relative to wild-type and CD1d-/- mice, 

suggesting that iNKT cells were protective and type II NKT cells were detrimental to parasite 

infection outcomes (220, 221). In summary, NKT cells can play protective or detrimental roles 

during pathogen infections, however the role of type II NKT cells is understudied compared to 

iNKT cells. 

 

1-2.3 Contribution of NKT cells during SA infection: what is known and unknown 

 The known contributions of NKT cells during SA infection are limited. As previously 

mentioned, mice infected intravenously with a high dose of the methicillin-sensitive SA strain 

LS-1 were protected from sepsis-induced mortality in a CD1d-dependent manner by 

pretreatment with sulfatide, a self-lipid known to stimulate a subset of type II NKT cells  (109). 

This study also demonstrated that iNKT cells were activated and expanded after SA infection by 

upregulation of CD69, but loss of NKT cells alone did not affect survival outcomes. A more 

recent study demonstrated that NKT cells were not required for survival to SA lethal infection 

with the USA300 strain (222). These studies demonstrated that NKT cells were not required for 
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survival to high-dose SA infection, but did not answer whether NKT cells mediated SA immunity 

during sublethal infection and whether type II NKT cells were activated and produce cytokines in 

vivo.  

 SA lipid antigens recognized by NKT cells have not been identified to date. The SA cell 

membrane is composed primarily of PG, lysyl-PG, and cardiolipin lipid species (223). A study 

using HPLC coupled with mass spectrometry (LC-Q-TOF-MS) to characterize the SA lipidome 

identified multiple species of PG and lysyl-PG of varying chain lengths eluting at different times 

during fractionation, with PG species being enriched in methicillin-resistant SA compared to 

methicillin-sensitive SA strains (224). PGs of different chain lengths have been identified from 

Mycobacterium tuberculosis, Corynebacterium glutamicum, and Listeria monocytogenes with 

the ability to stimulate type II NKT cell hybridomas; the efficiency of activation was dependent 

on the affinity of biding to CD1d (179, 180). Therefore, we hypothesized that SA may contain 

PG and lysyl-PG species recognized by type II NKT cells. The SA superantigen SEB targeting 

Vb8 has been shown to activate iNKT cells independent of CD1d and dependent on MHC-II, 

however the USA300 SA strain used in our study does not contain dominant superantigens 

such as SEB (225, 110). We focused on this strain of SA for our study given that it is the 

dominant methicillin-resistant strain seen in community-acquired infections (226). In summary, 

there is some evidence that NKT cells protect mice from SA infection, but the mechanism of 

protection and SA lipid antigen recognition by NKT cells is unknown. 

 

1-3 MAIT cells 

1-3.1 Overview of MAIT cells 

 Like NKT cells, mucosal-associated invariant T (MAIT) cells are another class of 

unconventional innate-like T cells that are activated rapidly in response to infection and secrete 

a host of cytokines (227). MAIT cells recognize vitamin B metabolites presented by the MHC 
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class-I-like molecule MR1 (228, 229). Below I will discuss the development, subtypes and 

contribution of MAIT cells towards SA and other infectious pathogen immunity. 

 

1-3.1a MAIT cell development and subsets 

 A study of double-negative TCRb+ T cells from healthy donors identified 2 populations of 

TCRa expressing T cells conserved across donors (230). One population was later identified as 

Va24-Ja18 expressing CD1d-restricted iNKT cells and the other utilized Va7.2-Ja33 TCRs. The 

mouse homolog of this population, which utilized Va19Ja33 paired with Vb2, Vb6, Vb8, or Vb13, 

was identified in mouse LNs, and its development was independent of MHC-II, CD1, or TAP and 

dependent on b2m, suggesting that it was restricted by a non-CD1 MHC-I molecule presenting 

non-peptide antigens (231). A seminal study identified that mouse Va19-Ja33 T cells and 

human Va7.2-Ja33 T cells were restricted by the MHC-I molecule MR1 and present in the gut 

lamina propria, which coined the new terminology of these cells as mucosal-associated invariant 

T cells (228). This study also demonstrated that MR1 expression on hematopoietic cells was 

required for MAIT cell development and that B cells, but not DCs or macrophages, along with 

gut commensal flora were required for MAIT cell expansion.  

 For a number of years, it was not known what antigens MAIT cells recognized. Mouse 

and human MAIT cells became activated to BMDCs infected with a majority of bacterial species 

tested (232, 233), suggesting that the MAIT cell antigen was conserved across many, but not all 

bacterial species. A key study identified vitamin B metabolites that bind to MR1, including the 

non-activating ligand 6-formyl pterin (6-FP), a vitamin B9 metabolite, which is not recognized by 

MAIT cells, and activating vitamin B2 derivatives from S. Typhimurium, which are components 

of the riboflavin biosynthesis pathway and recognized by MAIT cells (229). Bacterial species 

previously shown to activate MAIT cells contained riboflavin biosynthesis genes, while bacteria 

that did not activate MAIT cells did not contain these genes, emphasizing the importance of 
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riboflavin in MAIT cell antigen recognition (232, 233). A seminal study using Lactococcus lactis 

mutants with alterations in the riboflavin synthesis pathway identified additional antigens 

recognized by MAIT cells, including the pyrimidine intermate ligands 5-(2-oxoethylideneamino)-

6-D-ribitylaminouracil (5-OE-RU) and 5-(2-oxopropylideneamino)-6-D-ribitylaminouracil (5-OP-

RU) (234). MR1 loaded 6-FP (control) and 5-OP-RU tetramers were used to identify MAIT cells 

in human PBMC and mice (234, 235). MAIT cells are much more enriched in human PBMC 

(6%) compared to mouse blood (0.1%). Tetramer staining of MAIT cells in wild-type C57BL/6 

mice identified MAIT cells enriched in lung (3.4%) and lamina propria (1.5%), with lesser 

amounts in the liver (0.7%), spleen (0.06%), LN (0.3%), and thymus (0.04%) (235). 

 Similar to NKT cells, MAIT cells develop in the thymus; the TCR of MAIT cells interact 

with MR1 expressed on CD4+CD8+ DP thymocytes to positively select MAIT cells (236). While it 

is thought that an endogenous antigen is needed for MAIT cell development, this antigen has 

not been identified. After selection by DP thymocytes, immature MAIT cells undergo stepwise 

development (237). Stage 1 MAIT cells are defined as CD3+ 5-OP-RU MR1 

tetramer+CD24+CD44- cells and are found only in the thymus. Stage 2 MAIT cells downregulate 

CD24 to become CD3+5-OP-RU MR1 tetramer+CD24-CD44- cells, requiring expression of the 

miRNA miR-181a/b1 (238). At stage 3 MAIT cells are CD3+5-OP-RU MR1 tetramer+ CD24-

CD44+ and resemble peripheral mature MAIT cells. Stage 3 MAIT cells upregulate PLZF and IL-

18R, which along with MR1 and miR-181a/b1 are required for the stage 2 to 3 transition. At 

stage 3, MAIT cells differentiate into MAIT-1 (IFN-g producing t-bet+) or MAIT-17 (IL-17A 

producing RORgt+) sub-lineages, but the factors regulating their differentiation is unknown (235).   

 The majority of MAIT cell studies have focused on cells expressing NK1.1+Va19 TCR (or 

CD161+Va7.2 TCR in humans). Generation of MAIT cell tetramers has allowed for 

characterization of additional MAIT cell subtypes. Classical MAIT cells express the TRAV1-2 

(formerly called Va7.2) rearrangement and NK1.1 (CD161 homolog in humans). In mice the 
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majority of MAIT cells are DN, with smaller subsets of CD8+ and CD4+ cells, while in humans 

the majority of MAIT cells are CD8+, followed by DN, CD4+, and DP subsets (234, 235). Smaller 

subsets of TRAV1-2+ MR1 tetramer+ MAIT cells (8-31% of total 5-OP-RU MR1 tetramer+ cells) 

have been identified in human PBMC that utilize TRAJ20 and TRAJ12 rather than TRAJ33 

(239). These MAIT cells have similar ligand specificity and functional properties as TRAJ33+ 

MAIT cells and are classified under the umbrella of classical MAIT cells (227).  

Additional MR1-restricted T cells that are TRAV1-2- have been identified in humans. A 

TRAV1-2- MR1-restricted clone was generated by pulsing PBMC with Mycobacterium 

smegmatis (240). This clone utilized TRAV12-2 and recognized riboflavin expressing bacterial 

species as well as the riboflavin biosynthesis negative bacteria Streptococcus pyogenes, 

suggesting that this clone recognized a distinct antigen different from antigens recognized by 

classical TRAV1-2+ MAIT cells. 5-OP-RU MR1 tetramer staining of human PBMC identified that 

1-5% of human MAIT cells did not express TRAV1-2. A more recent study using TRAJ33-/- mice 

identified additional TRAV1- MR1-restricted T cells with diverse TCRa repertoire usage (241). 

The study then categorized 5-OP-RU MR1 tetramer+ MAIT cells in human PBMC into distinct 

groups based on CD161, IL-18R (CD218a), and CD26 expression. TRAV1-2- MR1 tetramer+ 

cells (0.8% of MR1 tetramer+ cells) could be divided into 2 groups, MAIT-like cells 

(CD218ahiCD161hiCD26hiPLZF+) (0.1%) and non-MAIT like cells (CD218aloCD161loCD26loPLZF-

) (0.6%). Single cell TCR-sequencing of MAIT-like and non-MAIT like cells was performed, 

revealing that a subset of MAIT-like cells had conserved TRAV36 usage and were MR1 5-OP-

RU restricted, while the remainder of cells from each subset had diverse TCR usage. 

Combined, these studies demonstrate that the majority of MAIT cells have invariant TCR usage 

and antigen recognition, however recent studies have highlighted the diversity of small subsets 

of MR1-restricted T cells with diverse TCR usage and antigen specificity. New terminology now 
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classifies MR1-restricted cells into classical MAIT, non-classical MAIT, and atypical MR1-

restricted T cells (227).  

 

1-3.1b MAIT cell activation kinetics and effector function  

 MAIT cells can be activated via vitamin B metabolites presented on MR1 to the MAIT 

cell TCR, leading to cytokine production and cytotoxic killing (227). In human PBMC, MAIT cells 

preferentially produced Th1 cytokines such as IFN-g and TNF-a over IL-17A, although a small 

minority of CD4+ MAIT cells preferentially produced the Th2 cytokines IL-4 and IL-13 after 

stimulation with PMA/Ionomycin (242). MAIT cells from human adipose tissue were also 

capable of producing IL-10 (243). Mouse and human MAIT cells became activated (upregulated 

CD69) and produced IFN-g to Escherichia coli-infected monocytes, which required MR1-TCR 

engagement and uptake of bacterial antigens via phagosomes and endocytosis (233). MAIT 

cells also became activated to BMDCs infected with Pseudomonas aeruginosa, Klebsiella 

pneumonia, Lactobacillus acidophilus, Listeria monocytogenes, Mycobacterium tuberculosis, S. 

Typhimurium, Staphylococcus aureus, and Staphylococcus epidermidis containing riboflavin 

intermediates but not to BMDCs infected with Enterococcus faecalis or Streptococcus A lacking 

riboflavin intermediates (232, 233). In vivo, mouse MAIT cells preferentially produced IL-17A 

over IFN-g in response to S. Typhimurium and Legionella longbeachae infection (244, 245). 

These studies demonstrated differences in cytokine production profiles between mouse and 

human MAIT cells. 

 MAIT cells can be activated through TCR-dependent MR1 presentation of riboflavin 

intermediates produced by bacteria with or without TLR activation or can be activated through 

TCR-independent cytokine-mediated signaling (227). While intranasal administration of 5-OP-

RU alone upregulated CD69 on MAIT cells in vivo, administration of TLR ligands Pam2Cys, 

CpG, or polyI:C + 5-OP-RU or infection were needed to expand mouse MAIT cells (244). In 
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human PBMC, TCR signaling alone could not induce sustained MAIT cell cytokine production, 

whereas signaling via IL-12/IL-15/IL-18 induced robust sustained MAIT cell cytokine production 

(246). TCR signaling plus TLR cytokine signaling by APCs induced the greatest magnitude of 

cytokine production by MAIT cells from both PBMC and MAIT cells isolated from human rectal 

mucosal biopsies. These data demonstrated that like NKT cells, MAIT cells can be activated via 

TLR signaling by APCs alone, but a combination of TLR signaling and TCR stimulation induces 

the most robust MAIT cell response. Indeed, the activation of MAIT cells by viral infections that 

lack MAIT cell antigens supports the ability of MAIT cells to be activated by TLR mediated 

signaling (247). 

 Once MAIT cells become activated, they can secrete granzyme B and perforin to directly 

kill pathogens (248). In addition, MAIT cells induced MR1-depedent CD40L-dependent 

maturation and IL-12 production by monocytes and DCs as well as transactivation of NK cells 

(249). In theory, MAIT cells could also activate conventional T cells, but this has not been tested 

to our knowledge. In summary, MAIT cells are activated by vitamin B metabolites produced by 

bacteria as well as activated by TLR driven cytokine signals, demonstrating their ability to 

respond rapidly to various pathogens.  

 

1-3.2 MAIT cell contribution to infection  

 Given the ability of MAIT cells to become activated to both viral and bacterial pathogens, 

it is no surprise that they can contribute to infection control for a number of pathogens. Below I 

will discuss the contribution of MAIT cells to various pathogen infections. 

 

1-3.2a MAIT cell contribution to bacterial and fungal infections 

 MAIT cells contribute to protection against both systemic and pulmonary infections. The 

first study to show a protective effect of MAIT cells during infection was performed using mice 

with enriched MAIT cells. Mice with enhanced MAIT cell % (iVa19 Tg and iVa19-Vb6 Tg) had 
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decreased spleen CFU compared to their TCR transgenic MR1-/- counterparts in response to 

Mycobacterium abscessus systemic infection or E. coli intraperitoneal infection (233). However 

wild-type C57BL/6 mice had no difference in CFU compared to MR1-/- mice in response to 

Mycobacterium abscessus infection, which the authors contributed to the decreased % of MAIT 

cells in spleens of wild-type mice. This study also found a decrease in MAIT cell % in blood of 

Mycobacterium tuberculosis and pneumonia infected individuals compared to healthy controls, 

as well as the presence of MAIT cells in lung biopsies of infected patients, suggesting that MAIT 

cells migrated from the blood to the lungs during pneumonia infection. MAIT cells played a 

protective role during Klebsiella pneumonia intraperitoneal infection; MR1-/- mice had higher 

bacterial replication and increased mortality compared to wild-type mice, though the mechanism 

of protection was not explored (250).  

Because of the enrichment of MAIT cells in the lungs, much attention has been given to 

MAIT cell immunity during lung infection. MR1-/- mice had delayed clearance of Francisella 

tularensis intranasal infection, delayed IFN-g, TNF, IL-17A, and iNOS production, and delayed 

activated CD4+ and CD8+ T cell lung recruitment in response to infection, which demonstrated 

that MAIT cells were critical for mediating early host immunity (251). This group later showed 

that MAIT cells induced lung GM-CSF production, which promoted monocyte-derived DC 

differentiation and led to a reduction in Francisella tularensis CFU (252). MR1-/- mice had 

delayed clearance and increased CFU after intranasal Legionella longbeachae infection (245). 

Immunizing wild-type mice with 5-OP-RU and Pam2Cys one month prior to infection or 

adoptively transferring activated MAIT cells to Rag-/- mice enhanced MR1-dependent protection, 

which was mediated by MAIT cell IFN-g production. MR1-/- mice intranasally infected with 

Mycobacterium bovis BCG had increased CFU at 10 dpi, but not 30 dpi, demonstrating a 

protective effect of MAIT cells during the early but not late host immune response (253). A more 

recent study showed no difference in lung CFU between mice pretreated to activate and expand 
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MAIT cells (using Pam2Cys and 5-OP-RU) versus unprimed mice after Mycobacterium 

tuberculosis infection (254). MAIT cells were activated and expanded in response to S. 

Typhimurium intranasal infection, however MAIT cells were dispensable for control of lung CFU, 

demonstrating that MAIT cells were not necessary for protection against all bacterial species 

that activate MAIT cells (244). 

Despite the ability of MAIT cells to contribute to protection in some models of infection, 

they can play a pathogenic role in other bacterial infections. MAIT cell % were increased in 

PBMC and gastric mucosa of patients with Helicobacter pylori gastric infection (255). Increased 

stomach immune cell infiltrate and gastritis was observed in TCR transgenic mice enriched for 

MAIT cells (Va19iCa-/-) relative to TCR transgenic MR1-/- mice. Boosting MAIT cells in wild-type 

mice by pretreatment with S. Typhimurium infection or Pam2Cys treatment recapitulated the 

same MR1-dependent pathology after Helicobacter pylori infection seen in transgenic mice. This 

demonstrated that MAIT cells were pathogenic during Helicobacter pylori infection, which was 

linked to the ability of MAIT cells to produce IL-17A, IFN-g, and TNF-a in response to infection, 

which led to associated inflammation.  

The role of MAIT cells in fungal infections is not clear. One study demonstrated that 

human MAIT cells upregulated CD69 and released perforin in response to stimulation with three 

different Aspergillus species, mediated by APCs and TCR-MR1 interaction (256). However, the 

ability of MAIT cells to control fungal infection in vivo has not been explored.  

In summary, much of the work exploring the role of MAIT cells in outcomes of infection 

have focused on bacterial infections, due to the ability of MAIT cells to recognize riboflavin 

intermediates produced by bacteria. In bacterial infections where MAIT cells were necessary for 

reducing bacterial burdens, protection was mediated by IFN-g, TNF, or IL-17A producing MAIT 

cells, however pathogenic MAIT cells producing these cytokines have been described for some 

bacterial infections. 
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1-3.2b MAIT cell contribution to viral and parasitic infections 

 As previously described, MAIT cells can be activated during viral infection in response to 

cytokine driven signals. MAIT cells accumulated and were activated in PBMC of infected 

Dengue virus patients compared to convalescent patients (247). Similar to bacterial infections, 

the percentage of MAIT cells decreased in PBMC of patients with various viral infections 

compared to healthy controls (227). MAIT cells expanded and upregulated CD69 and CD25 

after intranasal Influenza PR8 infection, with partial dependence on IL-12, IL-15, and IL-18 

signaling (257). MR1-/- mice also had increased mortality to influenza infection, which was 

partially rescued by the adoptive transfer of IFN-g competent MAIT cells.  

 Similar to viral infections, the information of MAIT cells during parasitic infection is 

limited. Healthy volunteers infected intradermally with 25 thousand Plasmodium falciparum 

sporozoites had increased % of MAIT cells (defined as CD3+Va7.2+CD161+CD8+ cells) in PBMC 

up to 168 days post infection, but no changes in activation or cytokine production at the 

timepoints tested (258). Single cell sequencing of MAIT cells from one donor identified some 

transcripts of IFN-g and granzyme B upregulated at 9 dpi in MAIT cells but this was not explored 

in other study participants.  

In summary, there have been very limited studies exploring the role of MAIT cells in viral 

and parasitic infections, with the majority of studies focusing on the ability of MAIT cells to be 

activated in response to infection. Further mechanistic studies in mice and other animal models 

will need to be performed to determine the relevance of MAIT cells to viral and parasitic control. 

 

1-3.3 Contribution of MAIT cells during SA infection: what is known and unknown 

 SA infected BMDCs were shown to activate MAIT cells from TCR transgenic mice 

(iVa19-Vb6 Tg) by upregulation of CD69 in vitro (233). SA contains the machinery to produce 

vitamin B metabolites, which could explain its ability to activate MAIT cells. Indeed cell free 
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supernatant of the SA strain 161:2 induced IFN-g production by human MAIT cells (259). Human 

MAIT cells from healthy donors were also highly responsive to the SA superantigen SEB, as 

shown by enhanced MAIT cell IFN-g production to SEB relative to iNKT cells, gd T cells, and 

conventional T cells (260). MAIT cell IFN-g production to SEB was Vb8-specific, MR1-

independent, MHC-II-restricted, and present in both human PBMC MAIT cells and hepatic MAIT 

cells. The MAIT cell response to SEB also required IL-12 and IL-18 signaling through p38 and 

MEK1/2 and was specific to SA SEB, as SA TSST-1, which targets Vb2, and SEA, which 

targets Vb5, did not induce cytokine production. MAIT cells pretreated with SEB were 

hyporesponsive to stimulation with bacteria harboring known MAIT cell antigens, and expressed 

exhaustion markers, demonstrating that SEB induced MAIT cell anergy. This anergy was 

recapitulated in MHC-II humanized mice treated with SEB. Despite the ability of SEB to activate 

MAIT cells, the USA300 strain does not contain SEB, and I did not expect potential MAIT cell 

activation by USA300 to be mediated through superantigens. 

  Direct evidence for the ability of MAIT cells to contribute to SA protection has not been 

demonstrated to our knowledge. It is possible that MAIT cells may play a role in SA pneumonia 

considering that MAIT cells are enriched in the lung and SA harbors the necessary proteins to 

produce riboflavin metabolites recognized by MAIT cells, however this has yet to be studied. In 

summary, SA contains MAIT cell antigens and can activate MAIT cells in vitro through antigen-

specific or superantigen mediated mechanisms, but the contribution of MAIT cells to SA 

protection in vivo has not been explored.   

 

1-4 Rationale of study 

Methicillin-resistant Staphylococcus aureus is a leading cause of antibiotic-resistant 

sepsis-induced mortality in the United States. Due to the complex nature of this microbe and its 

ability to evade the host immune response, a successful vaccine offering protection against SA 
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is not currently available. Previously, B cells and antibody production were thought to be the 

driving arm of the immune response against extracellular pathogens like SA, but in recent years 

T cells, and more recently unconventional T cells that respond to non-peptide antigens, have 

been identified as important players in SA immunity. This includes work by our lab, which 

showed that group 1 CD1-restricted T cells, a group of lipid reactive T cells found in humans, 

protected humanized mice from systemic SA infection through production of IFN-g, as well as 

work on gd T cells, which have emerged as key players in protection and production of IL-17A in 

models of SA skin infection. I sought to determine the role of two major subsets of innate-like T 

cells, CD1d-restricted NKT cells and MR1-restricted MAIT cells in SA infection, using CD1d-/- 

and MR1-/- mice to determine the contribution of these cells to the control SA systemic infection. 

Given that both NKT cells and MAIT cells respond rapidly to pathogen infections and can 

secrete proinflammatory cytokines such as IFN-g and IL-17A, I hypothesized that they would be 

activated and play a role in SA infection control in the early stage of host immunity.  

Previous work by another lab demonstrated a role for type II NKT cells in SA infection 

control to sepsis induced mortality. To parse out the role of iNKT cells vs. type II NKT cells to 

SA infection control, I utilized Ja18-/- mice deficient for iNKT cells. As both type II NKT cells and 

MAIT cells are enriched in humans relative to iNKT cells, I was particularly interested in 

exploring these subsets in SA infection in both mice and human PBMC. Given that previous 

bacterial infections have led to a decrease in total % of MAIT cells and iNKT cells in PBMC, I 

hypothesized the same would be true in SA infected patients. I did not have tetramers to track 

type II NKT cells in vivo therefore I resorted to using surrogate markers to define this population 

in mice and humans.  

While antigens for MAIT cells and iNKT cells have been well defined, lipid antigens 

recognized by type II NKT cells have relied on the use of type II NKT cell hybridomas. Type II 

NKT cells recognized PG from Mycobacterium tuberculosis, Corynebacterium glutamicum, and 
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Listeria monocytogenes species. Given that PG species make up the majority of the SA cell 

membrane, I hypothesized that type II NKT cells would be reactive to PG lipid antigens from SA, 

which could contribute to host immunity. I used fractionated total SA lipids from the cell 

membrane of SA to test type II NKT cell lipid antigen recognition in ELISPOT assays. Indeed, a 

recent study from our lab demonstrated that group 1 CD1-restricted T cells were reactive to SA 

PG. Other studies have demonstrated the ability of lipid antigens such as sulfatide to activate 

both type II NKT cells and group 1 CD1-restricted T cells. Therefore, I hypothesized that type II 

NKT cells would recognize SA PG species after SA infection.  
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Chapter 2 

Materials and methods 

2-1 Mouse strains 

Wildtype C57BL/6 (B6) mice and MHC class II deficient (MHC-II-/-) mice were obtained from The 

Jackson Laboratory (Bar Harbor, ME). MyD88-/- mice were obtained from the Mutant Mouse 

Resource and Research Centers. Ja18(-10)-/- mice (hereafter referred to as Ja18-/- mice) were 

generated on the B6 background in Dr. Laurent Gapin's lab (University of Colorado). Ja18-/- 

mice lacked iNKT cells due to interruption of the TRAJ18 gene required for Va14-Ja18 iNKT cell 

development (261). These mice were an improvement over the original Ja18-/- strain, which had 

lower TCR diversity due to suppressed transcription of TRAJ gene segments downstream of 

TRAJ18 (262). I backcrossed these Ja18-/- mice to B6 mice in our mouse colony to generate 

wild-type littermate controls. CD1d-/- mice, lacking iNKT cells and type II NKT cells, were 

generated in house and have been backcrossed to the B6 background for at least 12 

generations (263). MR1-/- mice were provided by Dr. Ted Hansen (Washington University) and 

backcrossed to B6 mice to generate MR1+/+ littermate controls. Va3.2+Vb9+ transgenic mice 

(24ab Tg) were provided by Dr. Suzanna Cardell (University of Gothenburg); these mice were 

generated using the TCR variable chain regions of the type II NKT cell hybridoma VIII24 (144). 

MHC-II-/-CD1d-/- mice were generated by crossing CD1d-/- mice and MHC-II-/- mice. Naïve mice 

were housed in a specific pathogen-free facility.  

 

2-2 Genotyping of mice 

 Mice were genotyped by PCR, sequencing, or by FACS surface staining of blood 

samples. For PCR, mouse tail samples were obtained by snipping the tail ends off of 21 day to 

28 day old weanlings. Tail samples were boiled in 75 µL of tail solution I (25mM NaOH, 0.2 mM 

EDTA) for 1 hr at 100º C. After cooling tail samples to room temperature, 75 µL of tail solution II 
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(40mM Tris-HCl) was added and tubes were spun down at 4000 rpm for 3 min. Supernatants 

were used to perform PCR reactions to detect the presence or absence of the CD1d gene 

(using CD1d F, CD1d R, and Neo44 primers) or MR1 gene (using MR1 F, MR1 R, and MR1 mid 

primers). Amplified gene segments were run on a gel (1% agarose + 3 µL of Ethidium Bromide 

in 1x TAE) and imaged using a gel imager (Bio-Rad Universal Hood II). For Ja18-/- mice, PCR 

was used to amplify the region of DNA containing the TRAJ18 gene segment (using Ja18-/- F 

and Ja18-/- R primers). The PCR product was run on a gel and the amplified gene segment was 

cut out and DNA extracted using gel DNA extraction kit (Qiagen). The purified PCR product was 

mixed with Ja18-/- sequencing forward primer (Ja18-/- seq F primer) and sent to the sequencing 

core for DNA sequencing. Ja18-/- mice were confirmed by 10 bp deletion (TAG GGA GGC T) in 

the TRAJ18 gene segment. All primers are listed in Table 2. 

Mice genotyped by FACS surface staining were bled of 30-50 µL of blood via tail snip 

and blood was collected using capillary tubes. Blood samples were treated with 700 µL of Gey’s 

solution for 3 min at RT then washed with 700 µL of Hank’s buffer (10 % HBSS + 2 % FBS in 

dH2O) and spun down at 7000 rpm for 1 min to lyse and remove red blood cells. Surface 

staining was performed as described in 2-9.1. FITC anti-Vb9 and PE anti-Va3.2 were used to 

genotype 24ab Tg mice. BV510 anti-MHC-II and PerCP anti-B220 were used to genotype MHC-

II-/- mice.  

 

2-3 Staphylococcus aureus in vivo infection model 

2-3.1 Growth and preparation of bacteria 

All data were obtained using the USA300 methicillin-resistant SA clinical isolate strain, 

generously provided by Dr. Nancy Freitag (University of Illinois at Chicago). SA bacterial stock 

was stored in tryptic soy broth (MP Biomedicals, Solon, OH) + 30% glycerol at -80º C. Prior to 

infection, bacteria were streaked out on tryptic soy agar plates containing 5 µg/mL erythromycin, 
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using quadrant streaking to generate single colonies, and grown up overnight in a 37º C 

incubator. SA streaked plates were kept at 4º C for up to 2 weeks for inoculation purposes. For 

infection experiments, a few SA colonies were picked from streaked plates and inoculated into 5 

mL of tryptic soy broth containing 5 µg/mL erythromycin. Bacteria were grown at 37o C shaking 

at a slant at 220 rpm overnight. The next day, the overnight culture was diluted 1:100 in fresh 5 

mL of tryptic soy broth containing 5 µg/mL erythromycin. Freshly diluted culture tubes were 

grown at 37o C shaking at a slant at 220 rpm until the culture reached mid-log phase (Optical 

density=0.4-0.7). Bacteria optical density (OD) was read using a UV/Vis spectrophotometer 

(Beckman Coulter DU 530).   

 

2-3.2 Intravenous injection model 

Using the OD reading of the mid-log phase SA culture, I calculated the concentration of 

bacteria needed to inject 200 µL of bacteria per mouse. For example, an OD of 0.5 was equal to 

5x108 CFU of bacteria. Mice were infected with 1x107 CFU (primary infection) or 2x106 CFU 

(adoptive transfer experiments), therefore I made a 5x107 CFU/mL (primary infection) or 1x107 

CFU/mL (adoptive transfer experiments) stock in 10 mL of PBS. SA from the mid-log phase 

culture was diluted in PBS to the correct concentration and washed 2x by spinning down 

bacteria for 5 min at 1500 rpm. Once bacteria were ready for infection, a small aliquot was taken 

and diluted to 1x103 CFU/mL and 100 µL was plated on a tryptic soy agar plate containing 5 

µg/mL erythromycin and grown overnight in a 37º C incubator to confirm infectious dose.    

All SA intravenous infections were performed in a biosafety level 2 facility (BSL-2). 

Mouse tails were held under a heat lamp for a few seconds to bring the vein to the surface of 

the skin then sterilized with gauze-soaked 70% ethanol. 1 mL syringes were loaded with 

prepared SA stock then fitted with a 30-gauge needle. 200 µL of SA were injected into the tail 



 

 

59 

vein of each mouse. After infection, mice were housed in the BSL-2 facility up to study 

timepoints.  

 

2-3.3 CFU plating method 

 Organs were prepped for CFU quantification by one of two methods. If organs were not 

being used for other immune cell assays, organs were homogenized in PBS by sonication then 

raised to a volume of 10 mL with PBS for plating. If organs were being used for other 

downstream assays, organs were homogenized in PBS using the methods described in 2-6 and 

raised to a volume of 10 mL with PBS. A 200 µL aliquot was taken prior to first spin for plating. 

For CFU plating all serial dilutions were plated on tryptic soy agar plates containing 5 µg/mL 

erythromycin. With the infectious doses I used for experiments, I expected mouse kidneys to 

contain approximately 107-108 CFU of bacteria at study timepoints. Kidney homogenates were 

diluted 1:10 to 5 serial dilutions, and 10 µL of each serial dilution plus neat were plated in 

duplicate by spot plating. I expected liver and spleen to contain approximately 102-103 CFU of 

bacteria. Liver and spleen were plated neat by streaking 100 µL of organ homogenate per plate. 

If liver and spleen CFU were too many to count, organs were diluted 1:10 to 2 serial dilutions 

and 50 µL of 1:10 and 1:100 dilutions were streaked on each half of a new plate. All plates were 

grown overnight in a 37º C incubator. Serial dilutions were counted using an automatic cell 

counter and back-calculations were performed to determine the total CFU per organ.  

 

2-4 Hematoxylin and Eosin (H&E) imaging 

 SA-infected kidneys were collected from infected mice for H&E staining. Both kidneys 

were collected and fixed in 4% paraformaldehyde buffer for at least 2 days prior to sectioning. 

Once tissue was fixed, excess fiber was cleaned from the surface of each kidney and a scalpel 

was used to cut each kidney into 2 halves longitudinally. The 4 pieces of kidneys per mouse 



 

 

60 

were loaded into one cassette and stored in 4% paraformaldehyde prior to sectioning. Kidneys 

were sent to the Northwestern mouse histology and phenotyping core and paraffin embedded 

into blocks. These blocks were sectioned to generate slides containing all 4 kidney sections per 

mouse and H&E staining was performed on the slides by the core facility.  

H&E slides were imaged using the TissueGnostics Imaging System and inflammatory 

foci were quantified using Tissue/HistoQuest software (TissueGnostics). Inflammatory foci were 

manually gated from each half of each kidney and the areas were quantified as a % of the total 

kidney section area. The average inflammatory foci for each mouse was calculated by taking an 

average of the % inflammatory foci from each of the 4 sections and recorded as one data point.  

 

2-5 Mouse organ processing 

 Mouse leukocyte single cell suspensions were isolated from LN, liver, spleen, and 

kidneys of naïve and infected mice. If liver or kidney aliquots were needed for CFU 

quantification, organs were isolated directly and placed in 5 mL of PBS. If livers were not 

needed for CFU quantification, livers were perfused through the portal vein with 10 mL of 

Hank’s buffer + 50 µg/mL gentamycin using a 27-gauge needle then placed in 5 mL of Hank’s 

buffer + 50 µg/mL gentamycin. Kidneys and liver were homogenized by manually pressing 

organs through a 70 µM sterile filter using a 5 mL syringe top. Organs were washed with an 

additional 5 mL of media (Hank’s buffer + 50 µg/mL gentamycin or PBS for organs needed for 

CFU quantification). For CFU quantification, samples were brought to 10 mL with PBS and a 

200 µL aliquot was taken for CFU. For all samples the total volume was brought to 50 mL at this 

step with Hank’s buffer + 50 µg/mL gentamycin. Samples were spun down at 1500 rpm for 5 

min at 4º C then washed 1x with 15 mL of Hank’s buffer + 50 µg/mL gentamycin. After wash, 

pellets were resuspended in 7 mL of 37.5% Percoll then transferred to 15 mL tubes for gradient 

centrifugation. Samples were spun at 2000 rpm for 10 min at RT. Pellets were resuspend using 



 

 

61 

a 200 µL pipette and transferred to a new 15 mL tube. Samples were resuspended in 5 mL of 

Gey’s solution and incubated for 5 min at RT to lyse red blood cells. The reaction was quenched 

using 5 mL of Hank’s buffer + 50 µg/mL gentamycin, then samples were spun down at 1500 

rpm for 5 min at 4º C then washed 1x with 5 mL of Hank’s buffer + 50 µg/mL gentamycin. 

Pellets were resuspended in Hank’s buffer + 50 µg/mL gentamycin for counting using a 

hemocytometer. 

 For spleen and LN isolation, organs were isolated and placed in 5 mL of media (Hank’s 

buffer + 50 µg/mL gentamycin or PBS if performing CFU quantification) and homogenized by 

breaking up organs with 2 glass slides. Homogenates were transferred to a 15 mL tube and 

passed through nylon mesh to remove any residual large debris. For spleen CFU quantification, 

samples were brought to 10 mL with PBS and a 200 µL aliquot was taken for CFU. Samples 

were spun down at 1500 rpm for 5 min at 4º C. LN were resuspended in 5 mL of Hank’s buffer + 

50 µg/mL gentamycin for counting. Spleens were treated with Gey’s solution to lyse red blood 

cells, as described above, then washed 2x before resuspension in 10 mL of Hank’s buffer + 50 

µg/mL gentamycin for counting. 

 

2-6 Human sample acquisition and processing 

 Blood samples from SA infected patients were acquired through the Northwestern Memorial 

Hospital. Gram positive cocci (GPC) blood culture positive individuals were screened for 

inclusion in the study using EPIC. The inclusion criteria for infected patients was as follows: 

patients with confirmed SA bacteremia (by at least 1 blood culture where blood has been 

collected by use of aseptic technique), patients who were inpatients at NMH at the time of study 

collection, patients over the age of 18, and patients able to give consent for blood collection. 

The exclusion criteria were as follows: pregnant individuals, mixed bacteremic patients, patients 

with known active infections with blood-borne viruses (including human immunodeficiency virus 
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Ab/Ag positive, hepatitis C RNA positive, hepatitis B sAg positive, and SARS-CoV-2 RNA 

positive individuals), patients with active malignancies (including hematologic and solid organ 

malignancies), solid organ transplant recipients, patients with steroid treatment for at least 1 

month (>30 mg/day), and patients on cytotoxic immunosuppressive therapy (including 

calcineurin inhibitors, e.g. cyclosporine, tacrolimus, antiproliferative agents, e.g. azathioprine, 

cyclophosphamide, methotrexate, chlorambucil, mycophenylate mofetil, and immune-active 

monoclonal antibodies, e.g. adalimumab, alemtuzumab, belimumab, golimumab, infliximab, 

muromonab-CD3, natalizumab, ofatumumab, rituximab, tocilizumab, tocitumomab). All SA 

bacteremic patients were receiving Vancomycin treatment alone or a combination of 

Vancomycin plus another antibiotic (Tazobactam, Piperacillin, Cefepime, Zosyn, or Ceftriaxone) 

at the time of blood collection, with the exception of one patient that was not yet on antibiotic 

therapy. Each SA patient sample collected was paired with healthy donor blood for side by side 

processing and downstream assays.  

 PBMC were isolated from whole blood within 48 hrs of original blood draw by layering 1:1 

onto prewarmed Histopaque-1077 (Sigma-Aldrich) then spun down at 400 g for 30 min at RT. 

Leukocytes were collected at the serum-cell interface and washed 3x with Hank’s buffer, 

spinning down at 250 g for 10 min at RT between each wash. Leukocytes were resuspended in 

5 mL of Hanks before counting cells with a hemocytometer and performing surface staining. 

 

2-7 Mouse T cell enrichment 

T cells were enriched from mouse spleen and liver single cell suspensions using MACS 

negative selection (Miltenyi Biotec). Cells were blocked for 15 min with 2.4G2 then washed with 

MACS buffer (PBS + 1% BSA + 0.5 mM EDTA) and spun down at 1500 rpm for 5 min at 4º C. 

Cells were resuspended in 1 mL of MACS buffer and incubated with biotinylated antibodies to 

CD8a/b, B220, MHCII, ter119, and Ly6G for 30 min rotating at 4º C to enrich CD8- T cells. For 

type II NKT cell enrichment, additional biotinylated mAb specific to TCR gd and CD11b were 
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added to further enrich type II NKT cells. Cells were washed with MACS buffer then 

resuspended in 1 mL of MACS buffer and incubated with 25 µL streptavidin biotin beads per 106 

leukocytes for 30 min rotating at 4º C. After incubation, 2 mL of MACS buffer were added to 

each tube and placed on a MACS magnetic bead separator for 5 min at RT. Cells that did not 

bind to the magnet were collected and washed before counting. 

 

2-8 Reagents and antibodies 

 Mouse and human CD1d tetramer (TET+) unloaded or loaded with a-GalCer analog 

PBS57 and MR1 tetramer loaded with 6-FP (control) or 5-OP-RU were provided by the NIH 

tetramer facility. Fluorochrome-conjugated antibodies against mouse CD3, CD4, CD8a, CD69, 

NK1.1, TCRb, Ly6G, CD11b, B220, CD11c, Ly6C, F4-80, IFN-g, IL-17A, Vb2, Vb7, and Vb12 

and human CD3, CD4, CD8a, Va7.2, CD161, CD14, and CD19 were purchased from 

BioLegend. Fluorochrome-conjugated antibodies against mouse Vb4, Vb5.1/5.2, Vb6, 

Vb8.1/8.2, Vb9, Vb11, and Vb13 were purchased from BD. Fluorochrome-conjugated antibody 

against mouse Vb10b was purchased from eBioscience. Live dead eFlour506 was purchased 

from Thermo Fischer Scientific.         

 

2-9 Staining for fluorescence-activated cell sorting (FACS) 

2-9.1 Mouse leukocyte surface staining 

 Mouse leukocytes were resuspended at a concentration of 1x107 cells/mL and 100 µL 

were transferred to 96 well plate for surface staining. Samples were incubated for 15 min on ice 

with 50 µL of purified 2.4G2 blocking mAb (generated in house). Plates were spun down at 

1500 rpm for 5 min at 4º C, then resuspended in antibody cocktails and incubated on ice for 45 

min. Cells were washed then resuspended in 100 µL of Hank’s buffer + 50 µg/mL gentamycin + 

0.05 % PFA to fix cells and kill any intracellular SA before running FACS.  
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2-9.2 Human leukocyte surface staining 

 For human leukocyte surface staining, cells were resuspended at a concentration of 

1x107 cells/mL and 100 µL were transferred to 96 well plates for staining. Plates were spun 

down at 1500 rpm for 5 min at 4º C, then resuspended. For cells that were stained with surface 

markers only, pellets were resuspended in 100 µL of 25 µg/mL human Fc block (BD) and 

incubated at RT for 10 min. Plates were spun down and resuspended in antibody cocktails and 

incubated on ice for 45 min. Cells were washed then resuspended in 100 µL of Hank’s buffer + 

50 µg/mL gentamycin + 0.05 % PFA to fix cells and kill any intracellular SA before running 

FACS.  

 For cells that were stained with human a-GalCer loaded CD1d (a-GalCer/CD1d) 

tetramer, cells were washed 2x with 100 µL of PBS, then resuspended in 100 µL of PBS 

containing fixable viability dye eFlour 506 (eBioscience) and incubated for 30 min at 4º C. Cells 

were spun down and washed 2x with Hank’s buffer, then blocked with human Fc block as 

described above. Plates were spun down and resuspended in antibody cocktail containing 

titrated human a-GalCer/CD1d tetramer or unloaded tetramer plus surface staining antibodies 

and incubated on ice for 45 min. Cells were washed then resuspended in 100 µL of Hank’s 

buffer + 50 µg/mL gentamycin + 0.05 % PFA for FACS.  

 For cells that were stained with 5-OP-RU loaded MR1 (5-OP-RU/MR1) tetramer, cells 

were incubated with human Fc block (BD) as described above. Plates were spun down and 

resuspended in Hanks buffer containing titrated human 5-OP-RU/MR1 tetramer or control 6-FP 

loaded MR1 tetramer. Cells were incubated at RT for 40 min in the dark. Cells were washed 

then stained with other surface antibodies for 20 min in the dark at RT. After wash, cells were 

resuspended in 100 µL of Hank’s buffer + 50 µg/mL gentamycin + 0.05 % PFA for FACS. 
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2-9.3 Intracellular staining for cytokine production 

 For mouse intracellular cytokine staining, cells were first stained with surface antibodies 

as described above. After overnight fixation in Hank’s buffer + 50 µg/mL gentamycin + 0.05 % 

PFA, cells were spun down at 1500 rpm for 5 min at 4º C then washed 1x with PBS. Cells were 

resuspended in PBS + 1% BSA containing 0.05% saponin and permeabilized at RT for 10 min. 

Cells were washed 1x with PBS-BSA, then resuspended in antibody cocktail containing 

intracellular staining antibodies in PBS-BSA + 0.05% saponin and incubated in the dark at RT 

for 30 min. Antibody stained cells were washed 2x then resuspended in 100 µL of PBS-BSA + 

0.05% saponin for FACS. 

 

2-9.4 Ki67 staining 

 For Ki67 staining, cells were first stained with surface antibodies as described above 

then pelleted. 200 µL of Foxp3 Fixation/Permeabilization (Invitrogen) working solution was 

added to each well (resuspended from stock bottles at a 1:3 ratio). Cells were incubated in the 

dark for 30 min at RT, then spun down and resuspended in 200 µL of 1x Permeabilization buffer 

(Invitrogen, diluted 1:10 in dH2O from 10x stock solution). After second spin, cells were 

resuspended in 50 µL of 1x Permeabilization buffer containing FITC Ki67 Ab (1:200 ratio). 

Plates were incubated in the dark for 30 min at RT, washed 2x, then resuspended in 200 µL of 

1x Permeabilization buffer for FACS analysis. 

 

2-10 SA antigen isolation and preparation 

2-10.1 SA lipid isolation and fractionation 

 Bulk SA was grown up by inoculating a large scraping of -80º C SA stock into 500 mL of 

tryptic soy agar containing 5 µg/mL erythromycin. Bacteria were grown up overnight shaking at 

220 rpm at 37º C then collected the next day and spun down in a floor centrifuge (Beckman 
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Coulter Avanti J-E centrifuge) at 15000 rpm, 10 min. Pellet was washed with PBS, then 

resuspended in 50 nM KH2PO4 buffer containing 2 µg/mL lysostaphin to break open the SA 

peptidoglycan cell wall and release protoplasts. Bacterial pellet was washed with PBS then 

resuspended in 100% EtOH for transport to our collaborator for SA lipid extraction. Total SA 

lipids were isolated from protoplasts using a CHCl3-MeOH Bligh-Dyer extraction method (264). 

Total SA lipids were fractionated by polarity into 11 fractions using silica gel column 

chromatography (0.5 x 20 cm) and stepwise elution with chloroform, acetone, and methanol in 

chloroform as solvents (15 mL per fraction). SA lipids were characterized using 1D- and 2D-TLC 

with hexane/diethyl ether/acetic acid (85:15:1, v/v) for 1-D TLC, solvent A 

(chloroform/methanol/28% ammonia/toluene (64:30:6:10, v/v)), and solvent B 

(chloroform/methanol/acetone/acetic acid/water/toluene (70:30:5:4:1:10, v/v)). Lipids were 

visualized with 10% sulfuric acid in methanol with heating or using phosphomolybdate reagent 

to detect phospholipids (265).   

 

2-10.2 Heat-killed SA (HKSA) preparation 

 Bulk SA was grown up overnight as described in 2-3.1. Bacteria concentration was 

calculated then resuspended at a concentration of 1010 CFU/mL. Bacteria were placed at 80º C 

in a water bath and treated for 3 hrs to kill SA.  

 

2-11 Cytokine ELISA and cytometric bead array (CBA) 

 5x105 splenocytes or 2x105 liver lymphocytes were co-cultured in 96 well plates 

unstimulated or stimulated with a-GalCer (200 ng/mL) or 1x106 CFU of HKSA for 48 hrs at 37º 

C. After 48 hrs, plates were spun down at 1500 rpm for 5 min at 4º C then supernatants were 

collected for ELISA. 96 flat well plates were coated with 4 µg/mL IFN-g or 2 µg/mL IL-17A 

primary antibody, in 50 µL PBS per well, overnight at 4º C. The next day, plates were washed 
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3x with PBS-T (1x PBS + 0.05% Tween 20), then blocked with 200 µL of PBS + 10% FBS 

(PBS-F) for 1-2 hrs at RT. Top standard was diluted 1:2 in media to 8 standards. Plates were 

washed 3x with PBS-T, then 40 µL of standard, samples, or blank (untreated media) were 

added to each well and incubated at RT for 3 hrs. Plates were washed 6x with PBS-T then 50 

µL of biotin conjugated IFN-g (1:2000) or IL-17A (1 µg/mL) in PBS-F was added and incubated 

for 1 hr and 10 min at RT. Plates were washed 6x with PBS-T then 50 µL avidin-Alkaline 

phosphatase (1:1000) in PBS-F was added and incubated for 30 min at RT. In the meantime, 

the substrate was prepared by dissolving 2 tablets in 10 mL of substrate buffer. Plates were 

washed 6x with PBS-T then 100 µL of substrate buffer was added to wells and plates were 

incubated at RT until a colometric change was observed. Developed plates were read at an OD 

of 405 nm using a spectrophotomer (Molecular Devices v max kinetic microplate reader). 

 Supernatants from 48 hr co-cultures were tested for additional cytokine production using 

CBA. CBA was performed to detect IL-4, IL-6, IL-10, IL-13, IL-23, TNF-a, and GM-CSF cytokine 

secretion using BD CBA mouse flex kits (BD Biosciences) and following the manufacturer’s 

instructions. Samples were run on a BD FACS Canto II and standard curves were used to 

calculate cytokine concentrations in each sample. 

 

2-12 ELISPOT assay 

 BMDCs were derived from mouse bone marrow progenitor cells over the course of 6-7 

days in complete RPMI (cRPMI) supplemented with 10 ng/mL GM-CSF (PeproTech, 315–03), 

2 ng/mL IL-4 (PeproTech, 214–14), and 2 mL of cRPMI every other day. Mature BMDCs were 

pulsed with 10 µg/mL of total SA lipids or lipid fractions overnight. Total SA lipids and lipid 

fractions were prepared by drying down eluent buffer and resuspending at the appropriate 

concentration in cRPMI directly before pulsing BMDCs. All lipids were sonicated for 15 min in a 
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water bath sonicator before pulsing. Pulsed BMDCs were washed 3x with PBS prior to 

ELISPOT plating. 

For ELISPOT assay, Multiscreen-IP plates (Millipore) were coated with 10 µg/ml mouse 

anti-IFN-g or anti-IL-17A overnight at 4º C in PBS, then blocked with cRPMI for at least 1 hr at 

37º C. Total liver lymphocytes (2.5x105 cells) or T cell enriched liver lymphocytes (1x105 cells) 

were cultured with unpulsed, total SA lipid pulsed, or SA lipid fraction-pulsed BMDCs (5x104 

BMDCs/well) for 18-20 hrs before assay development. Plates were washed 5x 5 min with PBS-

T then incubated with 50 µL of biotinylated anti-IFN-g (0.5 µg/mL) or anti-IL-17A (1 µg/mL) for 1 

hr and 40 min at RT. Plates were washed 5x 5 min with PBS-T then incubated with alkaline 

phosphatase-conjugated streptavidin (1 µg/ml) for 40 min at RT. Plates were washed 5x 5 min 

with PBS-T then developed using Alkaline Phosphatase Conjugate Substrate Kit (Bio-Rad 

Laboratories). Developed ELISPOT plates were imaged using an ImmunoSpot reader (Cellular 

Technology Ltd.). 

For ELISPOT blocking experiments, enriched T lymphocytes and SA lipid pulsed 

BMDCs were incubated with 10 µg/ml mouse IL-12 blocking antibody (eBioscience) or isotype 

control for 18-20 hrs before development, as described above. 

 
 
2-13 Activation co-cultures 

 Total liver lymphocytes (1x106 cells) from naïve B6 mice were incubated for 24 hrs with 

BMDCs (5x105 cells) unpulsed or pulsed with SA lipids or HKSA (BMDC pulsing conditions 

described in 2-12). Cells were collected and FACS surface staining was performed for detection 

of activation markers on NKT cells. Mean fluorescence intensity (MFI) of CD69 on NKT cells 

cultured alone were normalized to 1. Data was plotted as CD69 MFI change on NKT cells 

incubated with DC pulsed SA antigens relative to NKT cell alone culture. 
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2-14 Adoptive transfer of T cells 

 Recipient mice (CD45.1+ mice) were irradiated with 900 rads of cesium 1 day prior to 

adoptive transfer. Splenocytes from CD45.2+24ab Tg mice were enriched for T cells as 

described in 2-7. 5x106 24ab Tg T cells were transferred to recipient mice by retro-orbital 

injection. 1 day after adoptive transfer, recipient mice were infected via tail vein with 2x106 CFU 

of SA. Mice were euthanized at 2 dpi and organs were isolated for CFU quantification and 

intracellular staining. 

 

2-15 RNA isolation and real-time PCR 

 T cells were enriched from Ja18-/- mouse liver or spleen lymphocytes using MACS 

negative selection as described in 2-7. Type II NKT cells (CD4+NK1.1+TCRb+) and conventional 

CD4+ T cells (CD4+NK1.1-TCRb+) were sorted from pooled enriched liver T cells or enriched 

spleen T cells respectively using a FACS cell sorter (BD FacsAria). RNA was extracted from 

sorted cells using an RNA-easy kit (QIAGEN) and cDNA was generated using Superscript II 

reverse transcriptase (Invitrogen). RT-PCR was performed using SYBR Green PCR master mix 

with cytokine primers (listed in Table 2) and MyiQ real-time detection system (Biorad). RT-PCR 

reactions were run in duplicate and cytokine values were normalized to b-actin as the 

housekeeping gene.     

 

2-16 Statistical analysis 

All statistical analyses were performed using GraphPad Prism software. Unpaired Student’s t 

test was used for comparison of 2 groups, one-way ANOVA was used for comparison of more 

that 2 groups, and 2-way ANOVA was used for comparison of more than 2 groups and 2 

variables. For CFU quantification statistics, Mann-Whitney test was used. Values are 
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represented as mean + SEM. Statistical significance is denoted by the annotations: *p<0.05; 

**p<0.01; ***p<0.001; ****p<0.0001.  

 

Primer name Primer sequence (5’-3’) Product length 
For genotyping 

CD1d F ATG TTT GAT GGC TGC CTC TGC TCA CTG WT= 400 bp 

KO= 200 bp CD1d R TGA GTA CAG AGA AGC CAG TGG CCT GGT 

Neo44 CCA AGT GCC CAG CGG GGC TGC TAA AG 

MR1 F AGC TGA AGT CTT TCC AGA TCG WT= 426 bp 

KO= empty MR1 R ACA GTC ACA CCT GAG TGG TTG 

MR1 Mid GAT TCT GTG AAC CCT TGC TTC 

Ja18-/- F ACT CTG GCG GTG GAA AGA CTA TTG WT= 301 bp 

KO= 291 bp Ja18-/- R GAT TGT CAT ACC TGG TGA GTA GGT T 

For sequencing 

Ja18-/- F Seq CCC AAG CCA GGG AGA G WT= 181 bp 

KO= 171 bp 

For real-time PCR 

IFN-g F TCA AGT GGC ATA GAT GTG GAA GAA 
92 bp 

IFN-g R TGG CTC TGC AGG ATT TTC ATG 

TNF-a F CCA CCA CGC TCT TCT GTC T 
211 bp 

TNF-a R GGC ACC ACT AGT TGG TTG T 

IL-2 F CTT GGA CCT CTG CGG CAT GTT CT 
134 bp IL-2 R TGG CAC TCA AAT GTG TTG TCA GAG C 

IL-4 F AAC TCC ATG CTT GAA GAA GAA CTC 
134 bp IL-4 R CCA GGA AGT CTT TCA GTG ATG TG 

IL-10 F GGT TGC CAA GCC TTA TCG GA 
191 bp IL-10 R ACC TGC TCC ACT GCC TTG CT 

IL-13 F CTC ACT GGC TCT GGG CTT CAT 
167 bp IL-13 R GGG GAG TCT GGT CTT GTG TGA 

IL-17A F ACT TTC AGG GTC GAG AAG A 
198 bp IL-17A R TTC TGA ATC TGC CTC TGA AT 

Table 2. Primers used in this study 
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Chapter 3 

Type II NKT cells contribute to protection against systemic methicillin-resistant 

Staphylococcus aureus infection 

3-1 Introduction 

 Staphylococcus aureus (SA) is a leading cause of healthcare-associated and 

community-acquired infection in the United States, causing a range of infections in humans.  

These include skin and soft tissue infection, pneumonia, endocarditis, and bacteremia, which if 

left untreated, can lead to sepsis and mortality (1). Because SA is an extracellular pathogen, B 

cells and humoral immunity were thought to be the main drivers of protection. However, in 

recent years T cells have emerged as key players in SA immunity, as demonstrated in both 

humans and pre-clinical animal models. HIV patients with decreased CD4+ T cells counts have 

increased susceptibility to SA bacteremia (80, 81) while patients with a STAT3 mutation 

resulting in the inability to develop Th17 cells have increased susceptibility to skin and 

pulmonary SA infections (82). In murine infection models, both CD4+ T cells and gd T cells 

produce IFN-g and IL-17A that contribute to SA protection. CD4+ T cells produced IL-17A which 

directed neutrophils to clear SA nasal carriage (85). Additionally, CD4+ memory T cells 

produced IFN-g upon secondary peritonitis challenge and promoted recruitment of macrophages 

and clearance of SA (88). gd T cell production of IL-17A was required for protection against SA 

skin infection by recruitment of neutrophils to the site of infection (99, 100). gd T cell IL-17A 

production was also protective in SA surgical wound infection and in secondary peritonitis 

infection (102, 103). These studies highlight the important role that T cells play in SA immunity.  

 While conventional CD4+ T cells and gd T cells have been well studied in SA infection, 

the role of other non-conventional T cells in SA infection is not well understood. NKT cells are 

innate resident T lymphocytes that are activated rapidly in response to infection and secrete a 

wide range of cytokines (118). Unlike conventional T cells, NKT cells are restricted by the MHC 
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class I-like molecule CD1d, which present lipid antigens rather than peptide antigens and can 

be divided into two groups based on TCR usage and lipid antigen recognition (143, 119). 

Invariant (iNKT) cells recognize the lipid agonist a-GalCer; CD1d tetramers loaded with this lipid 

can be used to identify iNKT cells in vivo (129-131). iNKT cells recognize glycosphingolipids 

from Sphingomonas species (160) and glycoglycerol lipids from Streptococcus pneumoniae and 

Borrelia burgdorferi (161). In murine models of Streptococcus pneumoniae and Borrelia 

burgdorferi infection, iNKT cells rapidly produced cytokines which recruited innate immune cells 

to the site of infection and contributed to bacterial clearance (203, 201). While iNKT cells are 

enriched in mice, they make up a minority of the NKT cell pool in humans, with type II NKT cells 

being the dominant human NKT cell subset (266). Type II NKT cells express more diverse TCR 

than iNKT cells and recognize a wider range of self and microbial lipid antigens. Type II NKT 

cells have been understudied compared to iNKT cells due to lack of specific tools to identify this 

polyclonal population in vivo, though some studies have demonstrated an active role for type II 

NKT cells during infection (196). In a mouse model of SA sepsis, administration of sulfatide, a 

self-lipid known to stimulate a portion of type II NKT cells, protected mice from lethal SA 

systemic challenge (109). Type II NKT cells recognizes phosphatidylglycerol (PG), cardiolipin, 

and phosphatidylinositol from Corynebacterium glutamicum and Mycobacterium tuberculosis, 

and PG from Listeria monocytogenes (179, 180). Both subsets of NKT cells can work 

synergistically or in opposition during infection. In Trypanosoma cruzi infection, type II NKT cells 

were proinflammatory, increasing parasite-induced mortality and decreasing generation of 

pathogen-specific antibodies, whereas iNKT cells were anti-inflammatory, contributing to 

reduced mortality (220). In hepatitis B virus (HBV) infection, iNKT and type II NKT cells 

protected mice from infection; type II NKT cells were activated by CD1d-presented HBV 

modified lysophospholipids then activated APCs to produce IL-12 which activated iNKT cells 

(213). These studies highlight the differential roles of NKT cell subsets in response to infection. 
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However, the relative contribution of iNKT cells and type II NKT cells to protective immunity 

against SA infection has not been explored. 

 In this study, I determined whether these NKT cell subsets play dominant or synergistic 

roles during systemic infection with the methicillin-resistant USA300 SA strain. I also determined 

whether NKT cell subsets recognize lipid antigens derived from SA that could be used in the 

creation of a subunit vaccine design. Our data showed that both NKT cell subsets were 

activated and expanded after SA infection. However, only type II NKT cells were necessary for 

lowering bacterial burden in SA infected liver and kidneys in early-stage infection. Protection 

was mediated by type II NKT cell IFN-g production to polar lipid species derived from the SA cell 

membrane. This protective effect was unique for type II NKT cells, as mice lacking mucosal 

associated invariant T (MAIT) cells, another innate-like T cell subset which recognizes 

microbially derived vitamin B-related metabolites (267, 227), had no significant increase in SA 

bacterial burden. I also demonstrate that a population of T cells enriched for type II NKT cells, 

but not MAIT cells or iNKT cells, were elevated in PBMC of patients with systemic SA infection, 

demonstrating the relevance of our findings to the human setting. 
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3-2 Results 

3-2.1 Mice lacking NKT cells had increased bacterial burden and neutrophil infiltration in 

infected liver and kidneys following systemic SA infection 

 Given that NKT cells play a protective role in the early response to many bacterial 

infections, I determined whether NKT cells were important for controlling bacterial growth in 

infected organs after bloodstream challenge with the methicillin-resistant SA strain USA300 

LAC, a clinical isolate responsible for many community-acquired skin and soft-tissue infections 

as well as systemic infections (268). To investigate this, I used C57BL/6 mice (B6) and CD1d-/- 

mice on the B6 background; CD1d-/- mice lack NKT cells due to the absence of CD1d 

expression on double-positive thymocytes, which is required for positive selection of NKT cells 

in the thymus (263). After intravenous injection, the characteristic route of SA progression 

through the body is to be phagocytosed by liver Kupffer cells within 24 hrs after infection. SA 

then lyses Kupffer cells over a period of 2-5 days and migrates to the kidneys, where the 

bacteria establish abscesses (11, 48). I therefore quantified bacteria in the liver and kidneys of 

SA-infected mice at various times post infection. CD1d-/- mice had increased bacterial burdens 

in liver and kidneys compared to B6 mice at 4 days post infection (dpi), though both genotypes 

had equivalent burdens by 8 dpi (Fig. 3-1A, B). I characterized immune cell infiltrates in infected 

kidneys and liver by flow cytometry and identified that neutrophils were increased in the kidneys 

and liver of CD1d-/- mice relative to B6 mice (Fig. 3-1C, D).  
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Figure 3-1. Mice lacking NKT cells have increased bacterial burdens and neutrophilic 
infiltrate in SA infected organs. 

Figure 3-1: (A, B) Colony forming units (CFU) quantified in liver (A) and kidneys (B) of B6 and 
CD1d-/- mice at various times post infection (N=6-8 mice/genotype/timepoint). (C, D) Total 
number of neutrophils in the liver (C) and kidney (D) of infected mice (liver: N=3 naïve, N=14 4 
dpi/genotype, kidney: N=4 naïve, N=11-12 4 dpi/genotype). Statistical analysis: (A-B) Mann-
Whitney test; (C-D) 2-way ANOVA.  
 

I also looked at expansion of other immune cell infiltrates, including APCs and 

conventional T cells, in the kidney and liver after SA infection. No significant difference in total 

number of B cells, macrophages, dendritic cells, and conventional T cells (CD4+ and CD8+) in 

infected liver and kidneys were detected between B6 and CD1d-/- mice (Fig. 3-2, Fig. 3-3). 

These data suggested that NKT cells were critical at early stages of infection to control SA 

growth and neutrophil infiltration in infected liver and kidneys. 
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Figure 3-2. Absence of NKT cells does not alter other antigen presenting cell expansion 
in infected organs. 

Figure 3-2: (A, B) Total number of macrophages in the liver (A) and kidney (B) at 4 dpi. (C, D) 
Total number of dendritic cells (DC) in the liver (C) and kidney (D) at 4 dpi. (E, F) Total number 
of B cells in the liver (E) and kidney (F) at 4 dpi. Kidney (N=2 naïve, N=7 4 dpi mice), liver (N=3 
naïve, N=9-10 4 dpi mice). Statistical analysis: (A-F) 2-way ANOVA. 
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Figure 3-3. Absence of NKT cells does not alter conventional T cell expansion in infected 
organs. 

Figure 3-3: (A-D) Total number of conventional CD4+ T cells and CD8+ T cells from the liver (A, 
C) and kidney (B, D) at 4 dpi (N=3 naïve, N=7 4 dpi mice). Statistical analysis: 2-way ANOVA.  
 

3-2.2 Type II NKT cells were sufficient to mediate cytokine production and SA control in 

infected organs 

To determine whether type II NKT cells were sufficient to reduce SA bacterial burden, I 

infected Ja18-/- mice. These mice contain a 10-base-pair deletion in the Traj18 gene and 

therefore do not develop Va14-Ja18 expressing iNKT cells (261). These mice are a corrected 

version of the original Ja18-/- mouse strain, which had lower TCR diversity due to suppressed 

transcription of TRAJ gene segments downstream of TRAJ18 (262). A mouse model lacking 

type II NKT cells but retaining iNKT cells has not been developed, therefore I could not test the 

efficacy of iNKT cells alone in control of SA bacterial burdens. A summary of the three mouse 

strains used in this study are listed in Table 3. 
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Mouse strain iNKT cell development Type II NKT cell development 
B6 Yes Yes 

Ja18-/- No Yes 

CD1d-/- No No 

Table 3: Summary of NKT cell development in mouse strains used in this study 
 

B6 and Ja18-/- mice had similar bacterial burdens in the liver and kidney at all timepoints 

tested post infection, while CD1d-/- mice again had significantly increased bacterial burdens in 

the liver and kidney at 4 dpi (Fig. 3-4A-C), which suggested that type II NKT cells were 

sufficient to control SA growth in the absence of iNKT cells at this timepoint. I also assessed 

pathology of inflammatory foci and abscess formation in the kidney at 4 dpi by H&E staining 

(Fig. 3-4D, E). Compared to B6 and Ja18-/- mice, where inflammatory foci (marked with arrow 

heads) were predominantly found in the renal pelvis, CD1d-/- mice had significantly larger 

inflammatory foci found in all areas of the kidneys (additional histology images quantified in Fig. 

3-4E shown in Fig. 3-5). 
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Figure 3-4. Type II NKT cells were sufficient to reduce bacterial burden and inflammatory 
foci in infected liver and kidneys of mice challenged with sublethal dose of SA. 

 

Figure 3-4: (A, B) CFU quantified in the liver (A) and kidney (B) of indicated mice at 4 dpi: liver 
(N=6-13 mice/genotype), kidney (N=6-8 mice/genotype) (X=below limit of detection). (C, D) H&E 
staining of kidney sections at 4 dpi, inflammatory foci area quantified in (D) (N=6-7 
mice/genotype). Statistical analysis: (A, B, D) Mann-Whitney test. 
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Figure 3-5. H&E sections of quantified kidney inflammatory foci areas. 

 

Figure 3-5: H&E sections of quantified kidney inflammatory foci areas. 
 

I then tested which cytokines were induced after SA infection and whether cytokine 

production was altered in mice lacking NKT cells. I focused on the liver and spleen because 

these are the organs where NKT cells are enriched. I isolated liver and spleen lymphocytes from 

naïve and 4 dpi SA-infected mice, and restimulated them in vitro with heat-killed SA (HKSA) 

then tested cytokine production by ELISA. I focused on IFN-g and IL-17A production because 

these cytokines have been demonstrated to play protective roles in models of SA infection. SA 
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infected mice produced IFN-g in response to HKSA stimulation, whereas naïve mice did not, 

demonstrating that IFN-g production was SA specific (Fig. 3-6A, B). In contrast to IFN-g 

production, IL-17A production after HKSA stimulation was low and not increased after infection 

(Fig. 3-6C, D). CD1d-/- mice produced less IFN-g in response to in vitro restimulation with HKSA 

compared to infected B6 and Ja18-/- mice at 4 dpi (Fig. 3-6A, B). In the liver, iNKT cells were 

partially responsible for the CD1d-restricted IFN-g response to HKSA, as B6 liver lymphocytes 

produced more IFN-g than Ja18-/- liver lymphocytes (Fig. 3-6A). However, type II NKT cells 

were sufficient for CD1d-restricted IFN-g production in the absence of iNKT cells in the spleen 

(Fig. 3-6B). Together, these data suggested that type II NKT cells were sufficient to reduce 

bacterial burden and kidney inflammatory infiltrate while enhancing IFN-g production in the early 

stages of SA infection.  
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Figure 3-6. Type II NKT cells were sufficient to mediate IFN-g production in infected 
organs. 

 
Figure 3-6: (A, B) IFN-g ELISA of liver (A) and spleen (B) lymphocytes from 4 dpi mice pulsed 
with HKSA, unstimulated not graphed (undetectable) (N=2-4 naïve, N=7-10 infected 
mice/genotype). (C, D) IL-17A ELISA of liver (C) and spleen (D) lymphocytes from 4 dpi mice 
pulsed with HKSA, unstimulated not graphed (undetectable) (N=2 naïve, N=5-7 infected 
mice/genotype). Statistical analysis: (A-D) 2-way ANOVA. 
 

3-2.3 NKT cells were activated and underwent expansion and proliferation after SA 

infection 

Our data thus far demonstrated that NKT cells, and more specifically type II NKT cells, 

were crucial for limiting SA bacterial burden and neutrophil infiltrate to infected liver and kidneys. 

I then determined whether NKT cells became activated and expanded during SA infection. I 

identified iNKT cells in vivo using a CD1d tetramer loaded with PBS57, an a-GalCer analog 

(Fig. 3-7A). Since I did not have tetramers to specifically identify type II NKT cells in vivo, I used 

a negative gating strategy to remove iNKT cells and CD8+ T cells, then gated on 
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CD4+NK1.1+TCRb+ cells. This strategy allowed us to look at polyclonal type II NKT cells in vivo 

(Fig. 3-7B).  

 

Figure 3-7. Time course of NKT cell kinetics during SA infection. 

Fig. 3-7: (A) iNKT cells gated in B6 liver. (B) Type II NKT cells gated in B6, Ja18-/-, and CD1d-/- 
liver. 
 

Both iNKT cells and type II NKT cells expanded in the liver of SA-infected B6 and Ja18-/- 

mice (Fig. 3-8A, B) at 4 dpi, then contracted by 8 dpi. I confirmed that PBS57 CD1d TET-CD8a-

CD4+NK1.1+TCRb+ cells were CD1d-restricted type II NKT cells, as the percentage and total 

number of this population was reduced in CD1d-/- mice after infection (Fig. 3-7B and Fig. 3-8B). 

At 2 dpi, liver iNKT cells and type II NKT cells upregulated the activation marker CD69 (Fig. 3-

8C, D). Both iNKT cells and type II NKT cells upregulated Ki67, a cell proliferation marker, at 2 
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and 4 dpi (Fig. 3-8E-G), demonstrating that NKT cells were proliferating in response to SA 

infection. By 8 dpi, Ki67 expression was reduced to naïve levels, suggesting that NKT cells 

underwent contraction or cell death after their function was performed. These data 

demonstrated that both iNKT and type II NKT cells were poised to respond quickly to SA 

infection as denoted by upregulation of activation markers and cell expansion at early times 

post-infection. 
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Figure 3-8. iNKT cells and type II NKT cells were expanded and activated in the liver after 
SA infection. 

 
Figure 3-8: (A, B) Total number of iNKT cells (A) and type II NKT cells (B) in liver at various 
times post infection (N=4-5 naïve, N=4-8 infected mice/timepoint). (C, D) CD69 mean 
fluorescence intensity (MFI) of iNKT cells (C) and type II NKT cells (D) from the liver of SA-
infected B6 mice or Ja18-/- mice respectively (N=4 naïve, N=4-6 infected mice/timepoint). (E-G) 
Ki67 expression in iNKT cells and type II NKT cells from SA-infected B6 livers. Representative 
Ki67 dot plot (E) quantified as % of iNKT cells (F) and type II NKT cells (G) (N=4 naïve, N=3-7 
infected mice/timepoint). Statistical analysis: (A, C-G) one-way ANOVA, (B) 2-way ANOVA.   
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 Type II NKT cells in the mouse can be CD4+CD8- or CD4-CD8- (196). To further confirm 

our gating strategy for type II NKT cells, I output PBS57 CD1d TET-CD4-CD8- NK1.1+TCRb+ 

cells and looked at the expansion of this population in the liver after SA infection (Fig. 3-9). 

CD4-NK1.1+ T cells were expanded at 4 dpi in the liver, but this expansion was not CD1d-

restricted, demonstrating that these cells were not type II NKT cells (Fig. 3-9A, B). Additionally, 

this cell population was not activated until 8 dpi, behaving more similar to conventional T cells in 

terms of activation kinetics (Fig. 3-9C). This confirmed our gating strategy for type II NKT cells 

in the liver. 

 

Figure 3-9. CD4-NK1.1+ T cells were expanded and activated independent of CD1d after 
SA infection. 

 
Figure 3-9: (A) CD4-NK1.1+ T cells gated in B6, Ja18-/-, and CD1d-/- liver. (B-C) Total number 
(B), and CD69 MFI (C) of CD4-NK1.1+ T cells from the liver of SA-infected B6 mice (N=4-6 
naïve, N=4-8 infected mice/timepoint). Statistical analysis: (B) two-way ANOVA, (C) one-way 
ANOVA. 
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I also looked at NKT cell activation and expansion in other organs after SA infection. In 

the spleen I saw activation, but not expansion of iNKT cells after SA infection (Fig. 3-10A, B). 

Using my gating strategy for type II NKT cells, I did not see an expansion of this population in 

B6 mice, however I did see a CD1d-restricted expansion of this population in Ja18-/- mice at 2 

dpi (Fig. 3-10C). Because there are very few type II NKT cells in mouse B6 spleens, their lack 

of expansion could be due to the very small starting population in the spleen. iNKT cells and 

type II NKT cells fill a similar unconventional T cell niche, so it is possible that in the absence of 

iNKT cells, type II NKT cells could expand to a larger degree than in B6 mice. Like iNKT cells, 

type II NKT cells were activated in the spleen after infection (Fig. 3-10D). These data 

demonstrated that in addition to the liver, NKT cells were also activated in the spleen. 

 

Figure 3-10. iNKT cells and type II NKT cells were activated but not expanded in spleen. 

Figure 3-10: (A, B) Total number of iNKT cells (A) and type II NKT cells (C) in spleen at various 
times post infection (N=3-8 naïve, N=3-8 infected mice/timepoint). (C, D) CD69 mean 
fluorescence intensity (MFI) of iNKT cells (B) and type II NKT cells (D) from the liver of SA-
infected B6 mice (N=4-5 naïve, N=4-7 infected mice/timepoint). Statistical analysis: (A-B, D) 
one-way ANOVA, (C) 2-way ANOVA.   
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 In addition to spleen and liver where NKT cells are enriched, I also looked at NKT cell 

activation and expansion in the kidney and pooled peripheral and kidney draining LN after SA 

infection. Compared to the liver and spleen, iNKT cells made up a minor population of 

lymphocytes in the kidney and LN. iNKT cells were expanded in kidney, but not LN after SA 

infection (Fig. 3-11B, E). iNKT cells did not upregulate CD69 in kidney but did upregulate CD69 

in the LN (Fig. 3-11C, F). I also attempted to quantify type II NKT cells in the kidney and LN, 

however I was not able to detect a significant CD1d-restricted T cell population using our gating 

strategy in these organs, due to the very small population of type II NKT cells in these organs. 
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Figure 3-11. iNKT cells were expanded in kidney but not lymph node after SA infection. 

 

Figure 3-11: (A) Representative FACS plots of iNKT cells in the kidney of B6 mice at various 
times post infection. (B, C) Total cell number and CD69 MFI of iNKT cells in the kidney of B6 
mice (N=3 naïve, N=4-6 infected mice/timepoint). (D) Representative FACS plots of iNKT cells 
in pooled peripheral and kidney draining lymph node (LN) of B6 mice at various times post 
infection. (E, F) Total cell number and CD69 MFI of iNKT cells in LN of B6 mice (N=5 naïve, 
N=5-10 infected mice/timepoint). Statistical analysis: (B-C, E-F) one-way ANOVA.  
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As previously described, type II NKT cells encompass polyclonal CD1d-restricted T cells 

recognizing lipid antigens from diverse bacterial species (179, 180). To determine whether 

specific type II NKT cell populations were expanded in the liver after SA infection, I probed type 

II NKT cell surface expression of different Vb chains in naïve and infected Ja18-/- mice. Similar 

to previously published work (146), the majority of polyclonal type II NKT cells utilized the 

Vb8.1/8.2 chain, with smaller populations expressing diverse Vb chains (Fig. 3-12A). I saw no 

significant alteration of Vb chain usage in naïve vs. infected mice, suggesting that type II NKT 

cells polyclonally expanded after infection. In contrast to type II NKT cells, conventional CD4+ 

cells had more diverse Vb chain usage that was not altered after SA infection (Fig. 3-12B). In 

summary, I showed that NKT cells were activated and expanded in multiple organs after SA 

infection, demonstrating their potential relevance for contributing to anti-SA immunity. 

 

Figure 3-12. Type II NKT cells polyclonally expanded after SA infection. 

 
Figure 3-12: (A-B) Vb chain usage of type II NKT cells (A) or conventional CD4+ T cells (B) in 
the liver of Ja18-/- mice at 4 dpi (N=3 pooled naïve, N=7 infected mice). Statistical analysis: (A-
B) 2-way ANOVA. 



 

 

91 

3-2.4 NKT cells produced SA-specific IFN-g after infection 

 After demonstrating that NKT cells were activated after SA infection, I then determined 

whether NKT cells produced cytokines directly in response to infection that could be driving the 

reduction in CFU I saw in CD1d expressing mice in the early phase of infection (Fig. 3-1, 3-4). 

To look at SA-mediated cytokine production, I isolated liver lymphocytes from SA-infected B6 

mice at various timepoints and performed intracellular staining ex vivo without restimulation. I 

focused on IFN-g production, as liver and spleen lymphocytes produced CD1d-restricted IFN-g 

in response to HKSA stimulation (Fig. 3-6). Both iNKT cells and type II NKT cells produced IFN-

g at 1 dpi which was lost by 4 dpi (Fig. 3-13). This initial burst of cytokine production early in 

response to infection is in keeping with the kinetics of NKT cell cytokine production in other 

models of infection (198, 269, 270).  
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Figure 3-13. NKT cells produced IFN-g early in response to SA infection. 

 
Figure 3-13: (A-B) Representative FACS plots of IFN-g production, gated on iNKT cells (A) and 
type II NKT cells (B) in the liver of B6 mice at various times post infection. (C-D) % of IFN-g 
producing iNKT cells (C) and type II NKT cells (D) in the liver of B6 mice at various times post 
infection (N=6 naïve, N=2-12 infected mice/timepoint). Statistical analysis: (C-D) one-way 
ANOVA. 
 

In addition to quantifying IFN-g by NKT cells after SA infection, I looked at a panel of 

cytokines known to be produced by NKT cells in other models of infection and disease states 

(196). The production of IL-2, IL-10, IL-17A and TNF-a by iNKT cells were either absent or 

remained unchanged between naïve and 1 dpi SA infected mice (Fig. 3-14A). iNKT cells 

produced some IL-4 in the naïve state that was decreased after SA infection, demonstrating a 

shift of cytokine production from IL-4 to IFN-g. Type II NKT cell production of IL-2, IL-4, IL-10, IL-

17A and TNF-a was either absent or remained unchanged between naïve and infected mice 
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(Fig. 3-14B). To determine whether type II NKT cells had upregulated cytokine mRNA relative 

to conventional T cells after infection, I isolated RNA from sorted type II NKT cells at 4 dpi from 

pooled liver lymphocytes of Ja18-/- mice for real-time PCR. I focused on this timepoint because 

this was when I saw the greatest expansion of type II NKT cells and was able to sort enough 

cells to obtain RNA (Fig. 3-8). RNA isolated from conventional CD4+NK1.1- T cells from the 

spleen of these mice were used for comparison purposes. At 4 dpi, type II NKT cells had 

upregulated Th1 and Th2 cytokine mRNA relative to conventional CD4+ T cells, with IFN-g being 

the cytokine most upregulated (Fig. 3-14C). Interestingly, conventional CD4+ T cells had higher 

cytokine mRNA expression of IL-17A, demonstrating skewing towards a Th17 phenotype. In 

summary, these data suggest that NKT cells were poised to respond to SA at an earlier 

timepoint than conventional T cells by Th1 skewing and production of IFN-g.   
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 Figure 3-14. Type II NKT cells skewed towards a Th1 phenotype after SA infection. 

 
Figure 3-14: (A-B) % of cytokine producing iNKT cells (A) and type II NKT cells (B) in the liver 
of B6 mice at various times post infection (N=3-5 naïve, N=5-12 infected mice). (C) rt-PCR of 
cytokine mRNA of type II NKT cells sorted from 4 dpi Ja18-/- mouse pooled liver lymphocytes 
(N=10 mice) compared to sorted conventional CD4+NK1.1- T cells from Ja18-/- splenocytes (N=2 
mice), data represented as cytokine mRNA levels relative to b-actin. Statistical analysis: (A-C) 
2-way ANOVA. 
 

Systemic exposure to a number of microorganisms was demonstrated to render iNKT 

cells hyporesponsive to antigen restimulation (186-188). To determine whether iNKT cells 

became hyporesponsive to restimulation after SA infection, I co-cultured B6 lymphocytes from 

naïve or 4 dpi mice with the iNKT cell agonist a-GalCer. While iNKT cells from naïve mice 

produced abundant IFN-g after a-GalCer stimulation, iNKT cells from infected mice had severely 

reduced IFN-g production (Fig. 3-15A). I took supernatants from these co-cultures and tested for 

additional cytokine production by CBA. Liver iNKT cells from SA-infected B6 mice produced less 

cytokines, including IL-4, IL-13, and GM-CSF, in response to in vitro a-GalCer stimulation 

compared to iNKT cells from naïve mice (Fig. 3-15B). In addition, iNKT cells from infected mice 
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produced less IFN-g compared to their naïve counterparts in response to PMA/Ionomycin 

stimulation, demonstrating that iNKT cells became hyporesponsive to restimulation after SA 

infection (Fig. 3-15C, E). In contrast, type II NKT cells stimulated with PMA/Ionomycin did not 

have altered IFN-g production after SA infection, and in fact had a slight increase in cytokine 

production after infection, demonstrating that type II NKT cells were able to respond to stimuli 

after SA infection (Fig. 3-15D, F). Given that type II NKT cells, and not iNKT cells were 

necessary for mediating CFU and inflammatory foci reduction in SA infected organs, I focused 

on type II NKT cells and their ability to help protect mice from SA infection.   
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Figure 3-15. iNKT cells were hyporesponsive to restimulation after SA infection. 

 

Figure 3-15: (A) IFN-g ELISA of B6 liver lymphocytes co-cultured with a-GalCer (N=2-5 
mice/timepoint, representative 1 of 5). (B) CBA of B6 liver lymphocytes cultured with a-GalCer 
(N=2-5 mice/timepoint, representative 1 of 2). (C, E) Representative IFN-g FACS plots gated on 
iNKT cells (C) or type II NKT cells (E) in naïve and 4 dpi mouse liver lymphocytes stimulated 
with PMA/Ionomycin (2 hrs + 4 hrs BFA). (D, F) % IFN-g production by iNKT cells (D) or type II 
NKT cells (F) in naïve and 4 dpi mouse liver lymphocytes stimulated with PMA/Ionomycin (N=3-
5 naïve, N=5 infected mice). Statistical analysis: (A, B) 2-way ANOVA, (D, F) student’s t test. 
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3-2.5 Type II NKT cell required both TCR-restricted and TCR-independent signals to 

become activated and produce IFN-g in response to SA lipid antigens 

Given that iNKT cells were dispensable for control of bacterial burden after systemic SA 

infection, I focused on how type II NKT cells were activated and contributed to protection. Work 

from our lab demonstrated that group 1 CD1-restricted T cells recognized polar lipids derived 

from the SA cell membrane (115), but SA lipid antigens recognized by type II NKT cells have 

not been described to date. I worked with a lipid biochemist to extract total SA lipids from the 

cell membrane of the USA300 SA strain (methods described in section 2-10.1) To determine 

whether type II NKT cells recognized total SA lipids, total liver lymphocytes from infected Ja18-/- 

mice were co-cultured with BMDCs unpulsed or pulsed with total SA lipids. I utilized MHC class 

II knockout (MHC-II-/-) DCs to remove any MHC-II conventional CD4 T cell-mediated response 

and compared MHC-II-/- to MHC-II-/-CD1d-/- DC conditions to determine whether cytokine 

production to total SA lipids was CD1d-restricted. Total SA lipid pulsed MHCII-/- DCs induced 

CD1d-restricted IFN-g and IL-17A production by liver lymphocytes isolated from Ja18-/- mice at 4 

dpi (Fig. 3-16). 

 

Figure 3-16. Type II NKT cells required CD1d to recognize total SA lipids. 

 
Figure 3-16: (A, B) IFN-g (A) and IL-17A (B) ELISPOT of Ja18-/- total liver lymphocytes from 4 
dpi livers and co-cultured with MHC-II-/- or MHC-II-/-CD1d-/- DCs, unpulsed or pulsed overnight 
with 10 µg/mL total SA lipids (SAlip) (N=4 mice/experiment, representative 1 of 3). Statistical 
analysis: (A, B) 2-way ANOVA. 



 

 

98 

To determine whether specific lipids from SA induced IFN-g production by type II NKT 

cells, our collaborator used a chloroform (ChCl3)-methanol (MeOH) step gradient to fractionate 

total SA lipids into nine fractions based on polarity and identified dominant lipid species in each 

fraction by thin-layer chromatography (TLC) (methods described in 2-10.1) (Table 4).  

 
Fraction Elution Method Lipid Species 

FR-1 CHCl3/acetone  
Neutral lipids/cardiolipin FR-2 CHCl3/MeOH 95:5 

FR-3 CHCl3/MeOH 9:1 
FR-4  

CHCl3/MeOH 8:2 
Neutral lipids/DPG/MGDG 

FR-5 PG/MDGD mix 
FR-6 Pure PG 
FR-7 CHCl3/MeOH 6:4 PG: lysyl-PG 95:5 
FR-8 CHCl3/MeOH 4:6 PG: lysyl-PG 60:40 
FR-9 MeOH Lysyl-PG: polar lipids 95:5 

Table 4: List of SA lipid fractions. SA lipid fractions isolated from total SA lipids using silica 
gel column chromatography and chloroform-methanol gradient in order of increasing polarity. 
PG= phosphatidylglycerol, lysyl-PG= lysyl-phosphatidylglycerol, DPG= 
diacylphosphatidylglycerol, MGDG= monogalactosyldiacylglycerol  
 

 Type II NKT cells were enriched from livers of infected Ja18-/- mice by depletion of CD8+ 

T cells and various APCs, then co-cultured with MHC-II-/- and MHC-II-/-CD1d-/- DCs pulsed with 

total SA lipids and SA lipid fractions. Again, total SA lipids induced antigen-specific CD1d-

restricted IFN-g production by type II NKT cells, however no IL-17A production was detected 

after enrichment, suggesting that CD1d-restricted IL-17A is not being produced by type II NKT 

cells, but that type II NKT cells drive the production of IL-17A by other cell types (Fig. 3-17A, IL-

17A production undetectable, not plotted). Previous studies determined that PG and cardiolipin 

species from Mycobacterium tuberculosis and Corynebacterium glutamicum induced CD1d-

restricted cytokine production by type II NKT cell hybridomas (179). Our screening identified that 

fractions FR-8 and FR-9, containing both PG and lysyl-PG species, induced IFN-g production by 

enriched type II NKT cells (Fig. 3-17A). Only FR-8, containing a ratio of 60:40 PG: lysyl-PG, 
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showed a trend for CD1d-restriction, whereas FR-9 induced IFN-g production completely 

independent of CD1d. To confirm whether FR-8 induced IFN-g production was CD1d-restricted, 

I further enriched type II NKT cells from Ja18-/- liver lymphocytes, by additional depletion of gd T 

cells and CD11b+ cells, and performed IFN-g ELISPOT with MHC-II-/- and MHC-II-/-CD1d-/- DCs 

pulsed with FR-8. I showed that FR-8 induced CD1d-restricted IFN-g production by type II NKT 

cells (Fig. 3-17B).  

In addition to TCR-CD1d-mediated antigen-specific activation, iNKT cells were shown to 

be activated by MyD88-dependent signals, which required IL-12 and IL-18 production by TLR 

activated APCs (159). To determine whether type II NKT cell IFN-g production in response to 

total SA lipids was MyD88 and/or cytokine-dependent, I used B6 and MyD88-/- DCs pulsed with 

total SA lipids or FR-8 in the presence of IL-12 blocking antibody. Total SA lipid and FR-8 

induced IFN-g production was dependent on both MyD88 and IL-12 production, suggesting both 

CD1d-TCR engagement and IL-12 producing APCs were required for optimal IFN-g production 

by type II NKT cells in response to phospholipids from SA (Fig. 3-17C). In summary, polyclonal 

type II NKT cells required CD1d, MyD88, and IL-12 for IFN-g production to polar lipid species 

from the cell membrane of SA.  
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Figure 3-17. Type II NKT cells produced MyD88-dependent CD1d-restricted IFN-g to polar 
SA lipids. 

 
Figure 3-17: (A-C) ELISPOT of IFN-g production by T cells enriched from 4 dpi Ja18-/- liver 
lymphocytes: (A, B) MHC-II-/- and MHC-II-/-CD1d-/- DCs or (C) B6 and MyD88-/- DCs +/- IL-12 
blocking antibody unpulsed (unstim) or pulsed with total SA lipids (Salip) and total SA lipid 
fractions (FR-1 to FR-9, 10 µg/mL pulsed overnight). (A-C) N=5-7 pooled mice, 2/3 replicates 
per condition, representative 1 of 2 experiments. Statistical analysis: (A-C) 2-way ANOVA. 
 

 Given that type II NKT cell IFN-g production to total SA lipids and FR-8 was CD1d-

restricted and MyD88-dependent, I determined whether type II NKT cells required CD1d and/or 

MyD88 for activation after SA infection, and compared their activation requirements to iNKT 

cells. I used total SA lipids and HKSA as SA antigens to measure activation status with TCR 

engagement. Naïve liver lymphocytes were co-cultured for 24 hrs with BMDCs pre-pulsed with 

total SA lipids or HKSA, then lymphocytes were collected for surface staining of NKT cells. I 

compared CD69 MFI fold change between lymphocytes cultured alone (normalized to 1) to 

lymphocytes co-cultured with BMDC pulsed SA antigens. iNKT cells and type II NKT cells from 

naïve B6 mice upregulated CD69 in response to HKSA and total SA lipids (Fig. 3-18). While 
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iNKT cells showed some CD1d-restricted activation, the majority of activation to both HKSA and 

total SA lipids was MyD88-dependent (Fig. 3-18A, B). Similarly, type II NKT cells required 

CD1d for activation, but the majority of activation was MyD88-dependent (Fig. 3-18C, D).  

 

Figure 3-18. Type II NKT cells from B6 mice had dominant MyD88-dependent activation to 
SA antigens. 

 
Figure 3-18: (A-B) CD69 MFI of iNKT cells from naïve B6 liver lymphocytes (B6 T) incubated 
for 24 hrs alone or with B6, CD1d-/-, or MyD88-/- DCs pulsed with (A) HKSA or (B) total SA lipids 
(SAlip) (pooled N=4 mice, 3 replicates/condition). (C-D) CD69 MFI of type II NKT cells from 
naïve B6 liver lymphocytes incubated for 24 hrs alone or with B6, CD1d-/-, or MyD88-/- DCs 
pulsed with (C) HKSA or (D) SAlip (pooled N=4 mice, 3 replicates/condition). Data represented 
as fold change relative to CD69 MFI of NKT cell culture alone (set to fold change of 1). 
Statistical analysis: (A-D) one-way ANOVA.  
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 I performed the same activation experiments using naïve MHC-II-/- liver lymphocytes to 

determine whether NKT cell activation was altered in the absence of MHC-II and CD4+ T cells. 

iNKT cells were previously shown to be activated by the SA superantigen SEB via Vb8-MHC-II 

engagement independent of CD1d (110), however the USA300 strain does not contain SEB. 

When I removed MHC-II expression, I saw that SA antigen-specific activation of both iNKT cells 

and type II NKT cells was completely CD1d-restricted, with partial MyD88 dependence (Fig. 3-

19). This showed that NKT cells required both the CD1d-TCR complex and TLR expression on 

APCs to become activated to SA antigens, but activation was more skewed towards cytokine 

mediated activation in the presence of conventional CD4+ T cells and MHC-II expression. In 

summary, polyclonal type II NKT cells required both CD1d and MyD88 for activation and IFN-g 

production to polar lipid species from the cell membrane of SA. 
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Figure 3-19. Type II NKT cells from MHC-II-/- mice had dominant CD1d-restricted 
activation to SA antigens. 

 
Figure 3-19: (A-B) CD69 MFI of iNKT cells from naïve MHC-II-/- liver lymphocytes (MHC-II-/- T) 
incubated for 24 hrs alone or with B6, CD1d-/-, or MyD88-/- DCs pulsed with (A) HKSA or (B) 
total SA lipids (SAlip) (pooled N=4 mice, 3 replicates/condition). (C-D) CD69 MFI of type II NKT 
cells from naïve MHC-II-/- liver lymphocytes incubated for 24 hrs alone or with B6, CD1d-/-, or 
MyD88-/- DCs pulsed with (C) HKSA or (D) SAlip (pooled N=4 mice, 3 replicates/condition). Data 
represented as fold change relative to CD69 MFI of NKT cell culture alone (set to fold change of 
1). Statistical analysis: (A-D) one-way ANOVA.  
 

3-2.6 Adoptive transfer of type II NKT cells protected mice from systemic SA infection. 

Given the low prevalence of type II NKT cells in wild-type mice, I resorted to using T 

cells from a well-characterized 24ab TCR transgenic mouse model (24ab Tg) expressing the 

Va3.2+Vb9+ TCR from a type II NKT cell hybridoma (143, 144) to test for the ability of type II 

NKT cells to protect against SA infection. I first tested the ability of 24ab Tg T cells to recognize 

lipids antigens from SA. Similar to polyclonal type II NKT cells, 24ab Tg T cells produced IFN-g 

in response to total SA lipids (Fig. 3-20A). Unlike polyclonal type II NKT cells from SA infected 
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mice, antigen-specific IFN-g production was independent of CD1d and MyD88, but dependent 

on IL-12 (Fig. 3-20B). This suggested that 24ab Tg T cell IFN-g production to total SA lipids 

occurred through the innate cytokine mediated pathway, whereas polyclonal type II NKT cells 

required both TCR engagement and TLR mediated cytokine production for activation and IFN-g 

production. 

 

Figure 3-20. 24ab Tg T cells produced CD1d independent IL-12 dependent IFN-g to total 
SA lipids. 

 
Figure 3-20: (A-B) IFN-g ELISPOT of naïve lymphocytes from liver 24ab Tg mice co-cultured 
with B6 BMDCs (A) or B6, CD1d-/-, or MyD88-/- DCs (B) unpulsed or pulsed with total SA lipids 
(SAlip) (10 µg/mL) (B) +/- IL-12 blocking Ab. (N=1 mouse/experiment, 2/3 replicates per 
condition, representative 1 of 2). Statistical analysis: (A) one-way ANOVA, (B) two-way ANOVA. 
 

To determine whether 24ab Tg T cells protected mice from SA infection, I set up an 

adoptive transfer experiment using congenic markers to track 24ab Tg T cells in vivo after 

infection (Fig. 3-21).   

 

Figure 3-21. 24ab Tg T cell adoptive transfer. 

 
Figure 3-21: Schematic of 24ab type II NKT cell adoptive transfer experiment. 
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A substantial number of 24abTg T cells were detected in the spleen of recipient mice 

after adoptive transfer (Fig. 3-22A). As a result, I observed a significant reduction in CFU at 2 

dpi in the spleen of mice receiving 24ab Tg T cells compared to control (PBS injected) mice 

(Fig. 3-22B), demonstrating that type II NKT cells protected mice from SA infection by 

contributing to reduced CFU. The 24ab Tg T cells isolated from SA-infected recipient mice 

produced significant amounts of IFN-g after ex vivo stimulation with PMA/Ionomycin (Fig. 3-

22C). These data demonstrated that type II NKT cells contributed to reduction in bacterial 

burden after SA infection and this effect was likely through enhanced IFN-g production. 

 

Figure 3-22. Type II NKT cells protected mice from systemic SA infection in spleen. 

 
Figure 3-22: (A) Bacterial burdens in the spleen of recipient CD45.1+ mice at 2 dpi that received 
that 24ab Tg T cell adoptive transfer or PBS. (B) Representative FACS plots of adoptively 
transferred that 24ab Tg T cell IFN-g production from spleen of 2 dpi recipient mice, 
unstimulated or stimulated with PMA/Ionomycin (2 hrs + 4 hrs BFA) (C) % IFN-g production from 
(B) quantified (N=8-10 mice/group). Statistical analysis: (A) Mann-Whitney test, (C) 2-way 
ANOVA. 
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 I also quantified bacterial burdens in the liver and kidneys, where I saw higher CFU in 

mice lacking NKT cells after SA primary infection (Fig. 3-1, 3-4). However, I did not see any 

difference in CFU in the liver and kidneys of mice that received that 24ab Tg T cell adoptive 

transfer vs. PBS (Fig. 3-23A, B). When I quantified 24ab Tg T cells in these organs after 

adoptive transfer, I saw the majority of 24ab Tg T cells migrated to the spleen, with a lower 

percentage in the liver and LN (no 24ab Tg T cells were detected in the kidneys, not plotted) 

(Fig. 3-23C, D). While 24ab Tg T cells in the liver produced higher amounts of IFN-g than 24ab 

Tg T cells in the spleen (Fig. 3-23E, 3-22C), the lack of CFU difference in the liver and kidneys 

may have been a result of fewer 24ab Tg T cells migrating to these organs after adoptive 

transfer. In summary, adoptive transfer of type II NKT cells protected mice from SA infection in 

the spleen, likely through production of IFN-g. 
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Figure 3-23. Type II NKT cells did not protect mice from systemic SA infection in liver or 
kidneys. 

 
Figure 3-23: (A-B) Bacterial burdens in the liver (A) and kidneys (B) of recipient CD45.1+ mice 
at 2 dpi that received that 24ab Tg T cell adoptive transfer or PBS. (C) Representative FACS 
plots of adoptively transferred 24ab Tg T cell IFN-g production from liver and LN of 2 dpi 
recipient mice, unstimulated or stimulated with PMA/Ionomycin (2 hrs + 4 hrs BFA). (D) 24ab Tg 
T cells represented as % of total lymphocytes in organs of mice that received 24ab Tg T cell 
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adoptive transfer. (E) % IFN-g production from (C) quantified (N=8-10 mice/group). Statistical 
analysis: (A-B) Mann-Whitney test, (D) one-way ANOVA, (E) 2-way ANOVA. 
 

3-2.7 MAIT cells were dispensable for control of SA infection. 

 I also compared control of SA systemic infection by NKT cells to another subset of 

innate-like T cells, mucosal associated invariant T (MAIT) cells, which were activated by vitamin 

B metabolites present in various bacteria, including SA (233). This study demonstrated that 

MAIT cells protected mice from systemic Mycobacterium abscessus and Escherichia coli 

infection, both of which produce vitamin B metabolites. I used littermate MR1+/+ and MR1-/- mice 

to quantify CFU in liver and kidney of SA infected mice at various times post infection. Mice 

lacking MAIT cells showed no difference in CFU in either liver or kidney at any timepoint tested 

(Fig. 3-24), demonstrating that MAIT cells were not required for protection against SA systemic 

infection. 

 

Figure 3-24. MAIT cells did not protect mice from systemic SA infection. 

 
Figure 3-24: (A-B) Bacterial burdens in the liver (A) and kidneys (B) of wild-type (MR1+/+) or 
MR1-/- mice at various times post systemic SA infection (N=5-7 mice/timepoint). Statistical 
analysis: (A-B) Mann-Whitney test.  
 

I also looked at MAIT cell expansion and activation status after SA infection. MAIT cells 

were expanded and upregulated CD69 in the liver of infected mice at later timepoints (Fig. 3-

25). There was some CD69 MFI upregulation at 2 dpi, but the greatest activation occurred at 8 

dpi, demonstrating that MAIT cells kinetics behaved more similar to conventional T cell than 

NKT cell kinetics. 
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Figure 3-25. MAIT cells were activated and expanded at later times during SA infection. 

 
Figure 3-25: (A) Representative FACS plots of MAIT cells (gated on 5-OP-RU MR1 tetramer+ 

TCRb+F4-80-B220- cells) in liver of wild-type mice at various times post SA infection. (B-C) Total 
cell number (B) and CD69 MFI (C) of MAIT cells quantified from liver of infected mice (N=6 
naïve, N=4-7 infected mice/timepoint). Statistical analysis: (B-C) one-way ANOVA.  
 

 MAIT cells are known to produce proinflammatory cytokines in response to bacterial 

infection, including IL-17A, IFN-g, and TNF-a (227). To determine whether MAIT cells produced 

cytokines after systemic SA infection, I stimulated liver lymphocytes from wild-type mice at 

various times post-infection with PMA/Ionomycin. Naïve MAIT cells produced IFN-g and IL-17A 

to PMA/Ionomycin stimulation that was not significantly altered after SA infection (Fig. 3-26). In 

summary, MAIT cells were activated after systemic SA infection, but were not required for 

enhanced cytokine production or protection from SA infection. 
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Figure 3-26. MAIT cells cytokine production was not altered after SA infection. 

 
Figure 3-26: (A) Representative FACS plots of MAIT cells (gated on 5-OP-RU MR1 tetramer+ 

TCRb+F4-80-B220- cells) in liver of wild-type mice at various times post SA infection treated with 
PMA/Ionomycin (2 hrs + 4 hrs BFA). (B-C) % IFN-g (B) and IL-17A (C) production by MAIT cells 
stimulated with PMA/Ionomycin (N=2 naïve, N=3-4 infected mice/timepoint). Statistical analysis: 
(B-C) one-way ANOVA.  
 

3-2.8 Patients with SA bacteremia had increased NKT-like cells in PBMC 

To determine whether unconventional T cells expanded in the blood of patients with SA 

bacteremia, I compared the frequency of NKT cells and MAIT cells in peripheral blood 

mononuclear cells (PBMC) isolated from patients at Northwestern Memorial Hospital with 

methicillin-sensitive (MSSA) or methicillin-resistant (MRSA) SA bacteremia to that from healthy 

donors (Table 5). The majority of our patient samples were MSSA positive and had type II 

diabetes co-morbidity.  
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 Healthy control (HC) SA bacteremia (SA) 
N (male/female) 9 (5/4) 7 (4/3) 

Age (Mean ± SD) 31 ± 3.46 60 ± 16.21 
MSSA/MRSA - 6/1 

Co-morbidities 
Type II diabetes - 4 

ESRD - 2 
COPD - 1 

Infection acquisition 
Skin break - 2 

Peripheral IV line - 1 
Arteriovenous graft - 1 

ICD implant - 1 
unknown - 2 

Complications 
SA endocarditis - 2 

Table 5: Summary of patient demographics from SA bacteremic patients and healthy 
controls. ESRD= end-stage renal disease, COPD= chronic obstructive pulmonary disease, 
ICD= implantable cardioverter defibrillator.  
 

 I used PBS57 loaded human CD1d tetramer and 5-OP-RU loaded human MR1 tetramer 

to identify iNKT cells and MAIT cells in PBMC (Fig. 3-27A-B). For type II NKT cell gating, 

tetramers are not available to define this cell population in human PBMC. The human homolog 

of NK1.1, CD161, is expressed by NK cells, MAIT cells, NKT cells, and a subset of gd T, CD4+ 

T, and CD8+ T cells. Gene-expression profiling of sorted CD161+ T cells from human PBMC 

demonstrated that MAIT cells, CD4+ T, CD8+ T, and gd T cells expressing CD161 shared a 

similar genetic transcription profile of MRD1, RORgt, PLZF, IL-12R, and IL-18R expression and 

produced IFN-g to IL-12/IL-18 stimulation, suggesting that a portion of these cells could be type 

II NKT cells (271). Therefore, I resorted to using a similar gating strategy to our mouse model, 

gating on CD4+CD161+hCD1d/PBS57 tetramer- T cells to define a population of T cells enriched 

for type II NKT cells (Fig. 3-27C).  
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Figure 3-27. Human PBMC donor-unrestricted T cell gating strategies. 

 
Figure 3-27: (A) Representative FACS plots of MAIT cells (gated on CD14-CD19-CD3+hMR1 5-
OP-RU tetramer+ cells) from healthy control (HC) and SA bacteremic (SA) patients, control 
staining with MR1 tetramer loaded with 6-FP. (B) Representative FACS plots of iNKT cells 
(gated on eFlour506-PBS57 hCD1d-tetramer+CD3+ cells) from HC and SA patients, control 
staining with CD1d tetramer unloaded. (C) Representative FACS plots of CD4+CD161+ T cells 
(gated on eFlour506-PBS57 hCD1d-tetramer+CD3+CD4+CD161+ cells) from HC and SA 
patients.  
 

 While iNKT cells were increased in the blood of mice infected with SA, iNKT cells were 

decreased in SA infected patients compared to healthy controls, although this was not 

statistically significant (Fig. 3-28A, C). Type II NKT cells were increased in the blood of mice 
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with SA bacteremia (Fig. 3-28B). Similarly, SA bacteremic patients had an increased 

percentage of CD4+CD161+ T cells, enriched for type II NKT cells, compared to healthy 

individuals (Fig. 3-28D). Since a substantial proportion of CD161+ T cells in human PBMC are 

MAIT cells, I also determined the frequency of MAIT cells in SA bacteremic patients and healthy 

controls. In contrast to CD4+CD161+ T cells, the percentage of MAIT cells was decreased in SA 

bacteremic patients compared to healthy controls (Fig. 3-28E). In addition, most of the MAIT 

cells in SA-infected individuals were DN or CD8+ cells (Fig. 3-27A). Thus, MAIT cells were 

unlikely to account for the increased CD4+CD161+ T cell population observed in SA-infected 

individuals. In conclusion, SA bacteremic patients had increased frequency of CD4+CD161+ T 

cells compared to healthy controls, suggesting that type II NKT cells could be relevant in the 

human setting for combatting SA bacteremia. 
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Figure 3-28. Type II NKT cells expanded in SA bacteremic mice and human patients. 

 
Figure 3-28: (A-B) Percentage of iNKT cells (A) and type II NKT cells (B) in blood of B6 and 
CD1d-/- mice (N=7 naïve, 3-4 infected mice/genotype). (C-E) Percentage of iNKT cells (C), 
CD4+CD161+ T cells (D) and MAIT cells (E) in SA and HC PBMC (N=8-10 HC, 7 SA patients). 
Statistical analysis: (A-C, E) 2-way ANOVA, (D) student’s t-test.  
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3-3 Conclusion 

In conclusion, I showed that type II NKT cells and not iNKT cells, were important for 

reducing bacterial burden and inflammatory foci, and controlling neutrophil infiltrate to infected 

liver and kidneys after SA systemic infection (Fig. 3-29). Protection was specific for type II NKT 

cells, as loss of MAIT cells did not increase SA bacterial burdens. Protection was mediated by 

type II NKT cell activation and IFN-g production, which required both CD1d-TCR engagement 

and IL-12 production/MyD88 engagement by APCs. I determined that PG and lysyl-PG species 

from the cell membrane of SA induced type II NKT cell cytokine production. Additionally, I 

detected a population of T cells enriched for type II NKT cells that was expanded in patient with 

SA bacteremia compared to healthy controls, demonstrating the potential relevance of our 

findings to the human setting. Because of the nonpolymorphic nature of CD1d molecules, 

targeting of type II NKT cells with a lipid antigen vaccine could be a novel method to induce 

protection against SA infections where previous vaccines have failed. 
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Figure 3-29. Type II NKT cells contributed to control of SA systemic infection. 

 
Figure 3-29: Schematic of type II NKT cell activation and cytokine production to SA infection. 
DCs recognized SA via two mechanisms. TLR recognition of PAMPs activated DCs via the 
MyD88 pathway to produce IL-12. Additionally, SA was taken up by endocytosis and PG/lysyl-
PG lipids were processed and loaded onto CD1d then shuttled to the cell surface for 
presentation to type II NKT cells. Type II NKT cells were activated by two signals. 1. 
Recognition of PG/lysyl-PG presented by CD1d to the TCR and 2. Binding of DC-derived IL-12 
to the NKT cell IL-12 receptor. These 2 signals activated type II NKT cells to produce IFN-g, 
which contributed to limit neutrophil infiltrate, bacterial burden, and inflammation in SA infected 
organs. 
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Chapter 4 

Discussion 

 In this study, I showed that type II NKT cells, a T cell population that is understudied 

relative to iNKT cells, played a protective role during SA systemic infection. Though iNKT cells, 

type II NKT cells, and MAIT cells were activated and expanded during SA infection, only type II 

NKT cells were necessary for reducing bacterial burden and neutrophilic infiltrate into liver and 

kidneys. A previous study demonstrated that vaccination of mice with the self-lipid antigen 

sulfatide, which is recognized by a subset of type II NKT cells, enhanced protection against SA 

induced sepsis in a CD1d-dependent manner (109), however this study did not track type II NKT 

cell expansion or cytokine production after infection. Due to the lack of specific markers to 

identify type II NKT cells in vivo, I resorted to the use of genetic knockout mice and surrogate 

markers to track their expansion and activation after SA infection. Previous studies have used 

CD1d tetramers loaded with lipid antigens such as sulfatide or IL-4 reporter mice to track 

subsets of type II NKT cells in vivo (174, 146), however I demonstrated that type II NKT cells 

skewed towards IFN-g, not IL-4 cytokine production after SA infection. I identified a SA lipid 

fraction containing PG: lysyl-PG polar lipids that was recognized by polyclonal type II NKT cells 

in a CD1d-dependent manner, however further work needs to be done to identify the specific 

lipid within this fraction that is recognized by type II NKT cells. Once identified, this lipid can be 

loaded onto a CD1d tetramer to track type II NKT cells in vivo. Type II NKT cell recognition of 

this PG: lysyl-PG enriched lipid fraction was exciting, as our lab demonstrated that this same 

lipid fraction was recognized by group 1 CD1-restricted T cells (115), which could suggest a 

conserved mechanism of SA lipid antigen recognition between NKT cells and group 1 CD1-

restricted T cells, simplifying targeting of these cell populations in new generation SA vaccine 

designs. 
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4-1 Status of the SA T cell field prior to our study 

 T cells have generated much interest in recent years in the SA field as key players in 

anti-SA immunity. In addition to evidence from humans with genetic or viral-mediated deficiency 

having increased SA infection risk, demonstrating the importance of CD4+ T cells and their 

effector functions in SA immunity (80, 82, 81), many studies have explored the role of T cells in 

murine infection models. Studies of CD4+ T cells in mice demonstrated that both IL-17A 

producing and IFN-g producing CD4+ T cells were beneficial for host protection against SA 

bacteremia and nasal carriage (86, 85, 88). In contrast to these studies, IFN-g producing CD4+ T 

cells played pathogenic roles in models of SA surgical wound infection and pneumonia (42, 90). 

Location of infection and superantigen expression by different SA strains may explain the 

different outcomes seen in these studies. To date, there is not a consensus on whether CD4+ T 

cells are ‘good’ or ‘bad’ for SA outcomes, though the incidence of superantigen-mediated 

cytokine storm and sepsis is relatively rare in humans when compared to the total number of SA 

infections in the United States (95), suggesting that pathogenic CD4+ T cells responses are rare 

in the human setting. IFN-g producing memory CD4+ T cells recognizing HKSA and ClfA were 

identified in patients with SA bacteremia, demonstrating the ability of humans to form antigen-

specific memory T cell responses (88). It should also be noted that many murine SA infection 

models accessed T cell immune responses very early after inoculation (24-48 hrs) before 

activation of antigen-specific conventional T cell response, a caveat to be taken into 

consideration when accessing the role of CD4+ T cells in SA immunity.  

 gd T cells have also received much attention in the SA field in recent years due to their 

ability to be rapidly activated to respond to infection. Many studies have demonstrated a 

protective role for gd T cells in SA skin infection by secretion of IL-17A (99, 100) or IFN-g and 

TNF-a cytokines (101). gd T production of IL-17A was also beneficial for outcomes of SA 

surgical site infection (102) and SA peritonitis (103). Similar to CD4+ T cells, gd T cells were 
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detrimental to outcomes of SA pneumonia; while gd T cell IL-17A production decreased SA 

CFU, it also drove increased lung inflammation and pathology (104). gd T cells were activated 

by intranasal inoculation of SA superantigen SEA to secrete IL-17A, which led to increased lung 

pathology (106). Collectively, these studies demonstrate the beneficial role of IL-17A producing 

gd T cells in targeting SA infections, but activation of these cells in SA infected lung can be 

damaging to the host.   

 The role of CD1-restricted T cells in SA immunity was very limited prior to the present 

study. One murine study demonstrated that mice vaccinated with a self-lipid antigen, which is 

known to activate type II NKT cells, protected mice from SA sepsis in a CD1d-dependent 

manner (109). The protective effect of type II NKT cells in this study was measured indirectly 

through use of CD1d-/- mice, and type II NKT cell activation kinetics and mechanism of 

protection was not addressed. The only studies exploring iNKT cells in SA infection have 

focused on activation of iNKT cell by SA SEB in vitro and in vivo (110, 111); SEB treated 

humanized mice developed toxic shock syndrome, which was ameliorated by depletion of iNKT 

cells. No studies prior to the present study have characterized iNKT cell responses to SA 

primary infection. Knowledge of group 1 CD1-restricted T cell responses to SA infection are also 

very limited, however a recent study by our lab demonstrated that group 1 CD1-restricted T cells 

from SA infected hCD1Tg mice produced IL-17A and IFN-g in response to PG and cardiolipin 

SA lipids, which peaked at 10 dpi (115). Group 1 CD1-restricted T cell clones derived from 

these mice produced IL-17A, TNF-a, granzyme B, and IFN-g and killed SA in vitro and in vivo. In 

summary, CD4+ T cells, gd T cells, and group 1 CD1-restricted T cells have directly been shown 

to contribute to SA protection and shared the production of IFN-g and IL-17A, which was 

beneficial to protection (Fig. 4-1). 
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Figure 4-1. T cells protect against SA infection. 

 
Figure 4-1: Schematic of known protective T cell responses to SA infections. 1. SA enters the 
skin via a laceration. gd T cells are recruited to skin and recognize SA PAMPs via TLR2, leading 
to activation via the MyD88 pathway and production of IFN-g, IL-17A, and TNF-a at 1-7 dpi. 
These cytokines recruit and activate neutrophils to the skin to kill SA via MPO release. 2. During 
SA bacteremia, SA enters kidneys via the bloodstream and begins to form abscesses, a colony 
of bacteria surrounded by a fibrinogen capsule and infiltrating neutrophils and macrophages. 
CD4+ T cells are activated in the LN via TCR-MHC-II interaction to produce IFN-g and IL-17A at 
7-14 dpi. Group 1 CD1b/c restricted T cells are activated in the LN by PG presented on CD1b/c 
expressing DCs, leading to production of IFN-g and IL-17A which peaks at 10 dpi. IFN-g and IL-
17A enhance macrophage and neutrophil phagocytosis of SA and release of MPO to kill SA in 
the kidneys. LN=lymph node, MPO= myeloperoxidase, PMN= neutrophil.  
 

4-2 Role of T cell-driven neutrophil infiltration and IFN-g production in SA infection 

I demonstrated in this study that type II NKT cells were necessary for protection against 

SA systemic infection, by reduction of CFU, kidney pathology, and neutrophil infiltrate (Fig. 3-1, 

3-4). Increased infiltration to the kidneys and liver in CD1d-/- mice was specific for neutrophils, 

as I saw no difference in immune infiltrate of other APCs and T cells between B6 and CD1d-/- 

mice after infection (Fig. 3-2, 3-3). 

Neutrophils are the first line of defense against SA infection, and migrate to infected 

tissues to opsonize and kill SA. Conversely, SA has evolved many mechanisms to circumvent 
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neutrophil killing, including inhibiting activation, chemotaxis, phagocytosis, and oxidative/non-

oxidative killing of SA by neutrophils (15). While neutrophils are necessary for clearing SA, they 

can also be detrimental in outcomes of infection. This was demonstrated in mouse models of 

wound healing and systemic SA infection, where increased neutrophilic infiltrate was correlated 

with enhanced disease severity due to the ability of SA to grow and persist inside neutrophils 

(41, 42). In our study, CD1d-/- kidneys and liver had enhanced neutrophil infiltrate, but worsened 

CFU and kidney pathology after SA infection (Fig. 3-1). The study by McLoughlin et al. identified 

that a capsular polysaccharide expressed on the surface of SA induced MHCII-dependent IFN-g 

production by CD4+ T cells, which drove chemotaxis of neutrophils to the surgical wound 

infection site and worsened bacterial burden. These studies demonstrated that while neutrophils 

are important for SA clearance, too much neutrophil influx correlates with worsened infection. In 

our model of SA systemic infection, loss of type II NKT cells led to decreased IFN-g production 

by total liver and spleen lymphocytes in response to HKSA after infection (Fig. 3-6), 

demonstrating a beneficial role for IFN-g in outcomes of infection.  

IFN-g is known to modulate neutrophil trafficking and activation; a study that 

administered IFN-g to SA infected mice showed that IFN-g treatment resulted in reduced 

mortality to SA septicemia and increased neutrophil phagocytic capability in early stage infection 

(272). However, IFN-g treated mice also experienced increased septic arthritis at later stages of 

infection. These studies suggested that the timing and localization of IFN-g secretion was 

important for determining when IFN-g was beneficial or detrimental to the outcome of SA 

infection. Indeed, in our system, both iNKT cells and type II NKT cells preferentially produced 

IFN-g in direct response to SA infection at a very early timepoint, which was lost after 1 dpi (Fig. 

3-13, 3-14). This initial burst of IFN-g production may be sufficient to stimulate the immune 

response without causing overactivation and detrimental effects seen with longer-term secretion 

of proinflammatory cytokines.  
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4-3 Measuring the contribution of type II NKT cells in SA infection 

 The majority of studies exploring the role of type II NKT cells in infection and disease 

have relied on the use of genetic knockout mice to indirectly measure the contribution of type II 

NKT cells to a given disease state (196). In this study, I also relied on Ja18-/- mice (lacking iNKT 

cells) and CD1d-/- mice (lacking iNKT and type II NKT cells) to indirectly determine the effect 

that loss of type II NKT cells had on the outcomes of SA infection. CD1d-/- mice had increased 

CFU, neutrophil influx, and pathology in infected liver and kidneys compared to Ja18-/- and B6 

mice, demonstrating a critical role for type II NKT cells in the absence of iNKT cells in controlling 

SA infection (Fig. 3-1, 3-4). Previous studies utilized a Ja18-/- mouse that had a critical design 

flaw in deletion of the TRAJ18 region, which disrupted transcription of all TCRa regions 

downstream of TRAJ18 (262). As a result, these mice had a more limited TCRa repertoire than 

wild-type mice, making it difficult to interpret the results of studies using this mouse model, as 

any phenotype seen could be the result of absence of conventional T cells utilizing these TCRa 

chains and not absence of type II NKT cells. I utilized a more recently developed Ja18-/- mouse 

model for this study, which had a 10 bp deletion in the TRAJ18 gene segment that successfully 

disrupted transcription of this gene without affecting TCRa regions downstream of TRAJ18 

(261). Therefore, any differences in phenotype between Ja18-/- mice and CD1d-/- mice I 

observed could be directly attributed to the loss of type II NKT cells.  

 Since I did not have a tetramer to track type II NKT cells in vivo, I relied on the use of 

surrogate markers to define this cell population. Our lab had previously used IL-4 reporter mice 

to track polyclonal type II NKT cells in naive mice (146). In initial experiments, I had attempted 

to use IL-4 reporter mice on the Ja18-/- background to track type II NKT cells in vivo, however I 

did not see a significant expansion of this population after SA infection, despite the presence of 

low levels of IL-4 mRNA in sorted type II NKT cells (Fig. 3-14C). This could be due to the 

skewing of the NKT cell response after SA infection to IFN-g production rather than IL-4 
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production (Fig. 3-13, 3-14). This Ja18-/- IL-4 reporter mouse was also developed using the 

original Ja18-/- background which had flaws in TCRa repertoire mentioned above, limiting its 

usefulness to this study.  

Both iNKT cells and type II NKT cells express the NK cell marker NK1.1. I defined type II 

NKT cells as PBS57 CD1d tetramer-TCRb+NK1.1+CD4+CD8- T cells (Fig. 3-7) and confirmed 

that this population was CD1d-restricted as it did not expand in CD1d-/- mice after infection (Fig. 

3-8). NKT cells can express CD4 or be CD4-CD8- (DN) in mice. To determine whether DN 

NK1.1+ T cells were type II NKT cells, I also analyzed PBS57 CD1d tetramer-TCRb+NK1.1+CD4-

CD8- cells. While this population expanded at 4 dpi, it was not CD1d-restricted, expanding to the 

same degree in B6, Ja18-/-, and CD1d-/- mice (Fig. 3-9). DN NK1.1+ T cells were also activated 

at 8 dpi, suggesting that this population was in fact a conventional T cell population upregulating 

NK1.1. Therefore, I focused on CD4+NK1.1+ T cell gating to define type II NKT cells. Using this 

gating strategy, I determined that polyclonal type II NKT cells utilized diverse Vb chains, with the 

largest population utilizing Vb8.1/8.2 (40%) (Fig. 3-12A). This Vb chain usage was similar to the 

Vb chain usage of polyclonal type II NKT cells defined with naïve IL-4 reporter mice (146).Type 

II NKT cell Vb chain usage was not altered after SA infection, suggesting that type II NKT cells 

expanded polyclonally after infection. In contrast to type II NKT cells, conventional CD4+ T cells 

(NK1.1-CD4+) had more diverse TCR usage (Fig. 3-12B).  

 

4-4 NKT cell activation kinetics in SA versus other bacterial infections 

 I demonstrated that NKT cells were activated very early in response to SA systemic 

infection, measured by upregulation of CD69 in liver, spleen, and LN (Fig. 3-8, 3-10, 3-11), and 

underwent expansion and proliferation in the liver and kidney (Fig. 3-8, 3-11). A previous study 

demonstrated that iNKT cells expanded and unregulated CD69 expression in the spleen 

following systemic infection with the SA strain LS-1 (109). It is important to note the methicillin-
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sensitive strain LS-1 SA contains superantigens different from methicillin-resistant USA300 SA 

strain used in this study. iNKT cells were activated by the SA superantigen SEB independent of 

CD1d (225, 110), however the USA300 strain does not encode dominant superantigens such as 

SEB (113). Indeed, CD1d-restricted activation of iNKT cells by HKSA and total SA lipids in the 

absence of MHC-II suggested that iNKT cells could be activated independent of SA 

superantigens (Fig. 3-19). 

 Similar to SA infection, liver iNKT cells upregulated CD69 and CD25 and produced IFN-g 

at 7 dpi following intradermal Borrelia burgdorferi infection (200). iNKT cells expansion was also 

detected in the liver and spleen after systemic Mycobacterium bovis infection at 8 dpi. However, 

this study did not look at activation of iNKT cells after infection. In our study, iNKT cells were 

activated at 2 dpi and expanded at 4 dpi in the liver following SA infection (Fig. 3-8). 

Dissemination route of bacteria and growth kinetics of different bacterial species may explain 

the difference in activation kinetics in these studies compared to SA infection.  

 In addition to activation and expansion, I showed that NKT cells produced IFN-g in 

response to SA infection (Fig. 3-13). iNKT cells have been shown to increase IFN-g production 

in response to other bacterial infections, including S. pneumoniae, L. monocytogenes, and S. 

Typhimurium (198, 269, 270), however this is the first study to our knowledge demonstrating 

that type II NKT cells produced IFN-g in response to SA infection in vivo. The fast kinetics of 

NKT cell activation after SA infection is in keeping with the pre-activated state of NKT cells, 

which contain cytokine mRNA in their cytoplasm that can be quickly transcribed into cytokine 

proteins and secreted within minutes to hours after encounter of stimuli (145). Indeed, when I 

sorted type II NKT cells from SA infected mice at an early timepoint after infection and 

compared their cytokine mRNA levels to conventional CD4+ T cells, type II NKT cells had 

upregulated IFN-g and IL-4 mRNA compared to conventional CD4+ T cells after infection (Fig. 3-

14C).  
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Despite the similarity in activation kinetics between iNKT cells and type II NKT cells, it is 

interesting that iNKT cells, but not type II NKT cells, become hyporesponsive to restimulation 

after SA infection. It is possible that the restricted TCR usage of iNKT cells makes them more 

susceptible to superantigen-mediated cytokine production and subsequent anergy. Because the 

type II NKT cell population is polyclonal, utilizing more diverse Va/Vb usage, this could make 

them more resistant to superantigen-mediated activation and anergy as a whole. Another 

possibility is that type II NKT cells regulate iNKT cell anergy induction. In a model of 

concanavalin A-induced hepatitis, sulfatide-activated type II NKT cells activated liver DCs to 

produce IL-12, which induced anergy in iNKT cells and protected mice from liver hepatitis (273). 

Pretreatment of type II NKT cells with sulfatide also induced iNKT cell anergy and mediated 

protection in ischemic reperfusion injury (194) and alcoholic liver disease (193). Further work 

will need to be done to determine if a similar phenotype is occurring in bacterial infections, 

including SA. In summary, the loss of cytokine production by iNKT cells coupled with the 

increased kidney and liver CFU and kidney pathology seen in CD1d-/-, but not Ja18-/- mice, 

demonstrated that type II NKT cells but not iNKT cells played the dominant role during SA 

infection. 

 

4-5 SA lipids recognized by type II NKT cells 

 Given that type II NKT cells played the dominant role during SA infection, I focused on 

the ability of type II NKT cells to recognize lipid antigens derived from SA. In order to identify SA 

lipid antigens that could activate type II NKT cells, I isolated total SA lipids from the SA cell 

membrane (2-10.1). Total liver lymphocytes from infected Ja18-/- mice produced IFN-g to total 

SA lipids that was CD1d-restricted (Fig. 3-16A). Interestingly, total SA lipids also induced IL-

17A production that was CD1d-restricted (Fig. 3-16B). However, when I enriched for type II 

NKT cells by depleting endogenous APCs, gd T cells and CD8+ T cells, I no longer saw any IL-
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17A production to total SA lipids. This suggested that total SA lipid activated type II NKT cells 

stimulated the production of IL-17A by either gd T cells or CD8+ T cells. Another explanation for 

this observation was that gd T cells could be producing CD1d-restricted IL-17A, as CD1d-

restricted gd T cell populations have been reported in humans and mice (274). I also performed 

pilot experiments with T cells enriched from Va14 transgenic mice, which are enriched for iNKT 

cells, to determine whether iNKT cells produced cytokines to total SA lipids. However, I detected 

no cytokine production to total SA lipids by iNKT cells after infection (data not plotted), which 

suggested that (a) iNKT cells did not recognize SA lipids or (b) the hyporesponsive phenotype 

induced by SA infection made iNKT cells unable to respond to SA lipids. Given that the SA 

lipidome is enriched for lipids like PG and lysyl-PG, which contain long fatty acid tails and lack a 

ring structure connected to an a-linkage preferentially recognized by iNKT cells (275), it is more 

likely that SA does not contain lipids recognized by iNKT cells. The cytokine production by iNKT 

cells we saw in response to SA infection was likely mediated through innate cytokine-driven 

signals rather than antigen-specific activation. 

 I showed that naïve type II NKT cells required both CD1d and MyD88 expressing DCs to 

be activated by total SA lipids (Fig. 3-18C, D). iNKT cell activation occurs either through direct 

TCR-CD1d engagement with foreign lipid antigens, or through IL-12/IL-18, produced by APCs 

recognizing PAMPs on bacteria, binding the IL-12/IL-18 receptor on NKT cells with or without 

TCR-CD1d engagement with self-lipids, but the mechanism of type II NKT cell activation is less 

clear (159). Previous studies have reported that type II NKT cell hybridomas are activated by 

microbial lipids in vitro in a CD1d-restricted MyD88-independent manner (179, 180), but the 

activation requirements in primary cells during an infection response were less clear. 

Interestingly, I showed that for SA antigens, these pathways were not exclusive, as type II NKT 

cells required both CD1d presentation of foreign lipids plus MyD88-driven signals for activation 

to total SA lipids and HKSA (Fig. 3-18C-D). It has been suggested that during an infection, 
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CD1d-restricted and MyD88-dependent pathways could be acting simultaneously to activate 

type II NKT cells (196), and this is likely the case in SA infection. 

 The SA cell membrane is composed primarily of PG, lysyl-PG, and cardiolipin lipid 

species, with smaller percentages of diacylglycerols, diglycosyldiacylglycerols, and 

monoglycosyldiacylglycerols (223, 224). I showed here that a mixture of polar lipids containing 

PG: lysyl-PG species at a 60:40 ratio (FR-8) induced IFN-g production by type II NKT cells that 

was both CD1d-restricted and IL-12-dependent (Fig. 3-17). In contrast, the fraction containing 

pure PG (FR-6) did not induce any IFN-g production and the fraction containing 95% lysyl-PG + 

5% unidentified polar lipids (FR-9) induced IFN-g production that was not CD1d-restricted 

(Table 4, Fig. 3-17A). It is important to note that SA contains multiple PG and lysyl-PG species 

of varying chain lengths. A study using HPLC coupled with mass spectrometry (LC-Q-TOF-MS) 

to characterize the SA lipidome identified multiple PG and lysyl-PG lipid moieties of varying 

chain lengths eluting at different times during fractionation, with PG species being enriched in 

methicillin-resistant SA compared to methicillin-sensitive SA strains (224). Fatty acid chain 

length and confirmation of fatty acid chains in the cis or trans position affects lipid loading onto 

CD1d molecules and subsequent NKT cell TCR engagement (276). PGs of different chain 

lengths have been identified from Mycobacterium tuberculosis, Corynebacterium glutamicum, 

and Listeria monocytogenes with the ability to stimulate type II NKT cell hybridomas; the 

efficiency of activation was dependent on the affinity of binding to CD1d (179, 180). Therefore, it 

is possible that PG/lysyl-PG lipids from FR-8 contained unique fatty acid chain lengths that 

affected the binding affinity of these lipids to CD1d and the strength of type II NKT cell TCR 

engagement, relative to PG from FR-6 and lysyl-PG species from FR-9. Further work needs to 

be done to characterize the type II NKT cell response to SA lipids, including isolating individual 

SA lysyl-PG or PG lipid moieties from FR-8 for antigen screening using ELISPOT. Once these 

individual lipid species are identified, they can be loaded onto CD1d tetramers to track SA lipid 
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reactive type II NKT cells in vivo. In summary, type II NKT cells were activated and produced 

CD1d-restricted MyD88/IL-12-dependent IFN-g to PG: lysyl-PG species derived from SA.  

 

4-6 Protective capability of type II NKT cells during systemic SA infection  

 Given that type II NKT cells were necessary for reducing bacterial burden and neutrophil 

infiltrate early in response to SA infection, I determined mechanistically how type II NKT cells 

provided protection in vivo. Since there are too few type II NKT cells in B6 or Ja18-/- mice to 

isolate and adoptively transfer directly, I used a well characterized type II NKT cell transgenic 

mouse, 24ab Tg, to perform adoptive transfer experiments (Fig. 3-21). 24ab Tg T cells played 

both beneficial and detrimental roles during models of inflammation and autoimmunity. 24ab Tg 

T cells suppressed type I diabetes onset in mice, but exacerbated colitis when CD1d was 

overexpressed in 24ab Tg CD1dTg mice (192, 195). Additionally, the VIII24 hybridoma, the type 

II NKT cell clone used to make 24ab Tg mice (144), recognized both polar Mycobacterium 

tuberculosis lipids and tumor-derived self-lipids (277, 179). I showed that liver lymphocytes from 

naïve 24ab Tg mice produced IFN-g in response to total SA lipids (Fig. 3-20A). Unlike 

polyclonal type II NKT cells, which produced CD1d-restricted MyD88/IL-12-dependent IFN-g to 

total SA lipids following SA infection, 24ab Tg T cell IFN-g production to total SA lipids was not 

CD1d-restricted or MyD88-dependent, but dependent on IL-12 production (Fig. 3-20B). A recent 

study showed that 24ab Tg T cells stimulated with TLR agonists in the presence of DCs 

produced IFN-g independent of TCR receptor signaling and dependent on IL-12 (181). This 

suggested that 24ab Tg T cells recognition of SA antigens was driven by innate cytokine signals 

rather than antigen-specific TCR stimulation.  

Irradiated CD45.1+ mice that received splenic 24ab Tg T cells showed enhanced 

recruitment of 24ab Tg T cells to the spleen of recipient mice and reduced bacterial burden in 

the spleen after SA infection (Fig. 3-22A, B), demonstrating a direct role for type II NKT cells in 
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control of SA bacterial burden. 24ab Tg T cells produced IFN-g in the spleen after adoptive 

transfer (Fig. 3-22C), similar to polyclonal type II NKT cells after infection, suggesting that IFN-g 

was important for mediating protection. I also determined CFU in the liver and kidneys after 

adoptive transfer, as these were the organs where I saw differences in CFU in mice lacking NKT 

cells after SA infection. However, I did not see a difference in CFU in liver or kidneys of mice 

that received 24ab Tg T cells vs. control mice (Fig. 3-23A, B). 24ab Tg T cells were recruited to 

liver and LN after adoptive transfer (Fig. 3-23C), however the percent of 24ab Tg T cells in 

these organs was significantly lower than 24ab Tg T cells in the spleen (Figure 3-23D). Despite 

the ability of 24ab Tg T cells to produce IFN-g in the liver after adoptive transfer (Fig. 3-23E), 

the absence of protection in the liver could be due to the lower number of 24ab Tg T cells 

trafficking to the liver.  

 

4-7 MAIT cells did not contribute to protection against systemic SA infection 

  In addition to characterizing NKT cell responses during SA infection, I determined the 

necessity of another donor-unrestricted T cell population, MAIT cells, in control of SA infection. 

MAIT cells were critical for clearance of systemic infections in mice, including Escherichia coli, 

Klebsiella pneumoniae, and Mycobacterium abscessus (233, 250). All of these bacteria express 

riboflavin proteins, which generate the riboflavin metabolites recognized by MAIT cells. 

Considering SA also expresses riboflavin proteins, I hypothesized that MAIT cells could be 

activated and contribute to protection against SA systemic infection. However, when I compared 

bacterial burdens in infected liver and kidneys of MR1+/+ and MR1-/- mice after SA infection, I 

saw no difference in CFU between these groups at any timepoint tested (Fig. 3-24), 

demonstrating that MAIT cells were dispensable for control of SA systemic infection.  

MAIT cells were expanded and activated in the liver after SA infection, however this 

occurred at later timepoints after infection (8-10 dpi) (Fig. 3-25). Similar activation kinetics for 
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MAIT cells were demonstrated after Legionella longbeachae and S. Typhimurium pulmonary 

infections (244, 245). A previous study showed that SA infected BMDCs activated MAIT cells 

from TCR transgenic mice (iVa19-Vb6 Tg) by upregulation of CD69 in vitro (233). I also looked 

at MAIT cell cytokine production after SA infection. A recent study showed that MAIT cells from 

healthy human PBMC could be activated independent of MR1-TCR engagement to produce 

IFN-g in response to the SA superantigen SEB (260). Using the SEB deficient USA300 SA 

strain, I saw a slight, but not significant, decrease in IFN-g and IL-17A production by MAIT cells 

after infection (Fig. 3-26), demonstrating that MAIT cells were not required for cytokine 

production to SA infection. Evidence for a role of MAIT cells in SA infection is very limited, and 

this is the first study to our knowledge to show that MAIT cells are dispensable for control of 

systemic SA infection in mice. 

 Considering MAIT cells are most enriched in the mouse lung, a protective role for MAIT 

cells has been demonstrated in pulmonary Francisella tularensis, Legionella longbeachae, and 

Mycobacterium bovis BCG infection (253, 244, 245), however they were not necessary for 

clearance of S. Typhimurium pulmonary infection (251). It is possible that MAIT cells may play a 

role in SA pulmonary infection, however this has yet to be studied. SA that is administered 

intratracheally is eliminated from the lungs of mice very rapidly (within 48 hrs) (278). Increasing 

the inoculation of SA can improve CFU enumeration in lungs, however higher inoculums lead to 

increased SA sepsis and mortality (11). Therefore, mice may not be the best model organism to 

study the contribution of MAIT cells to SA pulmonary infection. Similar to type II NKT cells, 

characterization of MAIT cells during infection are limited, however the recent development of 

the 5-OP-RU MR1 tetramer should lead to better characterization of this T cell population and 

its contribution to infection (234, 235).  
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4-8 Unconventional T cell responses in SA bacteremic patients 

 To corroborate the roles that NKT cells and MAIT cells play in mouse systemic SA 

infection, I determined whether unconventional T cells were expanded in patients with SA 

bacteremia compared to healthy donors. Both MAIT cells and type II NKT cells are more 

enriched in human PBMC compared to iNKT cells (266, 228), therefore I expected these 

populations to make up a majority of the unconventional T cell pool in healthy control patients. 

Indeed, the iNKT cell population made up a very small fraction of total T cells in healthy donor 

PBMC, and there was high background staining in unloaded CD1d tetramer controls (Fig. 3-

28B). I detected a slight, but not significant, decrease in iNKT cells in SA bacteremic patients 

(Fig. 3-29C), in contrast to mice, which had increased iNKT cell percentage in blood after SA 

infection (Fig. 3-29A). A decrease in iNKT cells has been reported for PBMC of active 

Mycobacterium tuberculosis patients vs. latent patients and healthy control PBMC, however this 

study used surrogate markers rather than CD1d tetramers to track iNKT cells, limiting the 

interpretation of this study (279). Further studies are needed to determine if iNKT cells are being 

recruited to infected tissue in humans during SA infection, and whether they have any benefit to 

the outcome of SA infection. Additionally, repeating characterization of iNKT cells using a-

GalCer human CD1d tetramers to confirm the results of initial studies using surrogate markers 

will better illustrate the contribution iNKT cells make to various disease states in the human 

setting.  

 Using our defined gating strategy for type II NKT cells, I observed an increase in type II 

NKT cells in the blood of SA-infected B6 mice, but not CD1d-/- mice (Fig. 3-29B). I did not have 

a CD1d tetramer to specifically identify type II NKT cells in human PBMC. Therefore, I resorted 

to use of the surrogate markers CD161 and CD4 to gate on this population (Fig. 3-28C). PBS57 

human CD1d tetramer-CD161+CD4+ T cells were expanded in the blood of SA bacteremic 

patients compared to healthy controls (Fig. 3-29D). RNAseq of sorted CD161+ T cells from 

human PBMC identified a heterogeneous population of gd T cells, MAIT cells, and conventional 
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Th17 producing CD4+ T cells that shared a similar genetic transcription profile of MRD1, RORgt, 

PLZF, IL-12R, and IL-18R expression and produced IFN-g to IL-12/IL-18 stimulation (271). 

While this study did not specifically identify type II NKT cells within this population, the shared 

genetic transcription profile of mouse type II NKT cells and human CD161+ T cells suggested 

that this population could be enriched for human type II NKT cells. Since the majority of human 

gd T cells are CD8+ or DN, with CD4+ gd T cells being rare in human PBMC, it was unlikely that 

the CD161+CD4+ T cell population I identified in SA bacteremic patients contained gd T cells 

(280). I also confirmed that CD161+CD4+ T cells did not contain MAIT cells, as MAIT cell 

percentages were decreased in SA bacteremic patients (Fig. 3-29E), and the majority of MAIT 

cells from PBMC were CD4- (Fig. 3-28A). Due to the presence of Th17 cells within the CD161+ 

T population, I cannot definitively say that human CD161+CD4+ T cells are type II NKT cells, but 

it is likely that this population is enriched for type II NKT cells. Functional assays with enriched T 

cells from SA patients will need to be performed to confirm that human CD161+CD4+ T cells are 

CD1d-restricted and whether they produce cytokines to SA lipid antigens in healthy vs. SA 

bacteremic patients.  

 Previous studies have used CD1d tetramers loaded with lipid antigens to identify type II 

NKT cells in human PBMC. Glucosphingolipids were shown to be dysregulated in patients with 

metabolic disorders, including obesity and Gaucher disease. Glucosphingolipid-loaded human 

CD1d tetramers identified polyclonal populations of type II NKT cells in healthy human PBMC 

that produced antigen-specific CD1d-restricted cytokines (177). This study also identified that 

human PBMC from patients with Gaucher disease had elevated levels of glucosylsphingosine 

CD1d tetramer+ type II NKT cells compared to healthy donors. In another study, 

lysophosphatidylcholine (LPC) was enriched from multiple myeloma patient plasma. LPC loaded 

human CD1d dimers identified CD1d-restricted LPC reactive type II NKT cells in human PBMC 

that were expanded in multiple myeloma patients (281). A small population of sulfatide-loaded 
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human CD1d tetramer+CD161+ type II NKT cells were also identified in human liver (282). I 

identified a SA lipid fraction containing PG: lysyl-PG polar lipids that were recognized by mouse 

type II NKT cells in a CD1d-dependent manner, however further work needs to be done to 

identify the specific lipid within this fraction that is recognized by type II NKT cells. Once 

identified, this lipid can be loaded onto human CD1d tetramers to track type II NKT cells in 

human PBMC. 

 

4-9 Contribution of CD1-restricted T cells during SA infection 

 In addition to innate-like NKT cells that are activated early in response to infections, 

humans harbor group 1 CD1-restricted T cells (restricted by CD1a, CD1b, and CD1c). Like NKT 

cells, group 1 CD1-restricted T cells recognize lipid antigens, however they behave differently 

than NKT cells in terms of activation kinetics (283). Indeed, work by our lab using transgenic 

hCD1Tg mice (expressing CD1b and CD1c) identified the peak of group 1 CD1-restricted T cell 

cytokine production to total SA lipid antigens at 10 dpi (115), similar to conventional T cell 

kinetics. While NKT cells produced IFN-g in the liver following SA infection (Fig. 3-13, 3-14), 

group 1 CD1-restricted T cells produced IFN-g and IL-17A to SA lipid antigens in the LN. Both 

IFN-g and IL-17A production by T cells are critical for protection during SA infection (Fig. 4-1), 

illustrating the importance of both NKT cells and group 1 CD1-restricted T cells in SA immunity.  

 While group 1 CD1-restricted T cells were not necessary for controlling kidney CFU 

during primary infection, hCD1Tg- mice had increased kidney pathology compared to hCD1Tg+ 

mice at 10 dpi (115). This limiting of kidney pathology by group 1 CD1-restricted T cells was 

similar to the contribution of type II NKT cells to limit kidney pathology early in response to 

infection (Fig. 3-4, 3-5). Group 1 CD1-restricted T cells also recognized PG from the same 

fraction (FR-8) as type II NKT cells after SA infection (Fig. 3-17), suggesting that FR-8 

contained lipid species recognized by both of these CD1-restricted T cell populations. Since this 
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lipid fraction contains a mixture of multiple PG and lysyl-PG isoforms, I do not know at this time 

whether group 1 CD1-restricted T cells and type II NKT cells recognize the exact same lipid 

moiety. Some lipid antigens, such as the self-lipid antigen sulfatide and phospholipids from 

bacteria, can be presented by multiple CD1 isoforms (284). Therefore, dual recognition of a 

polar SA lipid antigen by type II NKT cells and group 1 CD1-restricted T cells is possible. 

Further studies will need to be performed to synthesize individual lipid moieties from SA FR-8 

and retest these lipid moieties in ELISPOT screening assays to determine the specific PG and 

lysyl-PG lipid antigens recognized by type II NKT cells and group 1 CD1-restricted T cells. 

 

4-10 Future Directions in the SA field  

4-10.1 Perspectives of T cell help during SA infection 

 The work described in this study adds to the knowledge of T cell responses during SA 

infection. I showed that type II NKT cells, but not iNKT cells or MAIT cells, were beneficial for 

protection against systemic SA infection through production of IFN-g early in response to 

infection. I also identified a population of T cells enriched for type II NKT cells that was 

expanded in patients with SA bacteremia compared to healthy control patients, demonstrating 

the potential relevance of our study to the human setting. Given the failure of previous vaccines 

targeting B cell responses in SA infection (1-1.2c), identifying additional parameters of immune 

protection is critical to the success of next generation SA vaccine design. Murine studies 

demonstrating a protective role for T cells in SA infection have identified T cell production of IL-

17A and/or IFN-g as critical for protection (4-1).  

Prior to this study, a large body of work in the SA T cell field has focused on 1) the 

detrimental effect of superantigen-mediated overactivation of T cells or 2) the effect of T cells in 

SA sepsis at very early timepoints after high-dose infection. While it is important to study SA 

superantigen-mediated T cell responses, different SA strains encode different SA superantigens 
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(84) and the total burden of SA-induced sepsis is low relative to total SA infections in humans 

(95). Therefore the focus of T cell studies to SA superantigens such as SEB is not directly 

translatable to most clinical cases of SA, considering endemic strains such as the USA300 

strain used in our studies do not encode SEB (113). It is possible that SA vaccines targeting the 

T cell response may run into issues of T cell overactivation in vaccinated patients that later 

become infected with SA, inducing sepsis. Indeed, mice vaccinated with irradiated-killed SA 

developed a pathogenic IFN-g producing CD4+ T cell response to SA bacteremia challenge, 

leading to increased mortality compared to the unvaccinated group (89). However, identifying T 

cell-specific antigens to vaccinate patients with, rather than whole killed bacteria, should reduce 

the effect of deleterious T cell activation.  

Identifying SA T cell-specific antigens will be critical for developing new SA vaccines. 

However, many studies have only focused on T cell responses at early times post-infection. 

Given that antigen-specific conventional T cell responses take time to develop (7-10 dpi), 

studying these T cell responses at early timepoints does not provide the full picture of the SA T 

cell response. By isolating lipid species from the cell membrane of SA and screening them in 

ELISPOT assays with lymphocytes from infected mice, I identified lipid antigens that were 

recognized by both type II NKT cells and group 1 CD1-restricted T cells (115). Given the large 

number of proteins encoded by SA and potential peptide antigens that could induce a 

conventional T cell response, unbiased identification of SA immunodominant peptides poses 

some challenges. One method to screen for potential candidates could involve use of the SA 

mutant transposon library generated by the Nebraska center for Staphylococcal research. This 

library consists of transposon insertions which disrupt approximately 2,000 non-essential genes 

in the SA genome. Screening this library with CD4+ T cell clones generated from SA infected 

mice or even PBMC from SA infected patients to identify which genes are necessary for IFN-g 

and IL-17A cytokine production could narrow the identification of new immunodominant 
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antigens. However, this approach would not identify peptides from essential genes that could 

induce a conventional T cell response.  

 

4-10.2 Development of lipid antigen-based vaccines targeting CD1-restricted T cells 

 While the vaccine field has focused on conventional T cell responses to induce 

protective memory T cells, targeting CD1-restricted T cells has many advantages. CD1 

molecules are nonpolymorphic, therefore vaccines targeting these T cells would be broadly 

acting across the human population. Additionally, NKT cells and group 1 CD1-restricted T cells 

have different activation kinetics, therefore vaccines targeting both these groups could protect 

against both early and late-stage infection. NKT cells are also enriched at mucosal surfaces 

where many pathogens invade the host, therefore they are ideal for responding quickly to an 

infection.  

 In the case of SA infection, our lab identified a lipid fraction enriched for PG and lysyl-PG 

species recognized by both type II NKT cells and group 1 CD1-restricted T cells. Further work 

will need to be done to identify the specific immunodominant lipid(s) within this fraction that 

activate these CD1-restricted T cell groups. Once done, these lipid(s) can be tested in a vaccine 

challenge with SA infected mice. Our lab has also found that immunizing hCD1Tg mice with 

bacteria-derived lipid antigen-pulsed group 1 CD1 expressing DCs induced robust lipid-antigen 

specific group 1 CD1-restricted T cell responses (285, 115). A more recent approach by our lab 

administered Mycobacterium tuberculosis lipid antigen-loaded nanoparticles to mice to induce a 

robust group 1 CD1-restricted T cell response in the lung (286).  

It is not currently known whether NKT cells and group 1 CD1-restricted T cells develop 

into memory cells following an infection. NKT cells already express an activated memory 

phenotype (CD44hiCD62Llo) in the naïve state prior to antigen recognition. Mice immunized with 

DC pulsed a-GalCer develop long-lived KLRG1+ iNKT cells persisting in lung and liver for at 

least 90 days after immunization that mount a more robust cytokine response after secondary 
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antigen challenge (287), suggesting that targeting NKT cell memory with lipid antigens is 

possible. Work is ongoing in our lab to characterize the memory response of group 1 CD1-

restricted T cells using secondary challenge with Mycobacterium tuberculosis infection and 

using Mycobacterium tuberculosis lipid-loaded nanoparticles to vaccine mice then challenge 

with live bacteria (unpublished data). These proof-of-concept studies to define memory 

responses in CD1-restricted T cells are critical to determine the feasibility of designing CD1-

restricted T cell vaccines.  

 

4-10.3 Identifying correlates of SA protection in humans with a T cell focus 

I demonstrated that a T cell population enriched for type II NKT cells is expanded in the 

blood of SA bacteremic patients compared to healthy control subjects, correlating with our 

findings in SA infected mice. Given the success of targeting B cells responses in murine SA 

infections and ultimate failures in clinical trials, it will be important in the future to identify 

correlates of SA T cell protection in human studies. While mice are the dominant preclinical 

animal model used in research laboratories, they have significant differences in their immune 

system makeup compared to humans that can skew the interpretation of findings and their 

relevance to the human setting. The most pressing example of this in SA infection is the 

differences in makeup of HLA molecules between mice and humans. Many SA superantigens 

act by crosslinking MHC-II and TCR and are specific for human HLA MHC-II molecules. 

Therefore, mice are innately resistant to the superantigen-mediated effects of SA infection (94). 

As a result, many murine studies exploring the contribution of SA superantigens in outcomes of 

infection have used much higher inoculums of bacteria than is physiologically relevant to the 

human setting. Use of HLA-humanized mice have alleviated some of these concerns, however 

interpretation of previous studies of conventional CD4+ T cells in SA infection without 

humanized mice must be confirmed with human studies or humanized mice. While the CD1d 

protein is largely conserved between mice and humans, there are subtle differences in CD1d 
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lipid antigen affinity and intracellular trafficking between mice and humans (288). Therefore, 

confirming that the T cell population I identified in SA bacteremic patients is CD1d restricted and 

reactive to SA lipid antigens will be important to confirming the relevance of targeting type II 

NKT cells in SA infection in humans. 

 

4-11 Future Directions in the innate-like T cell field and infection 

 Due to the difficulty of studying type II NKT cells in vivo, the knowledge of their relevance 

to infection is still very understudied. Lack of lipid-antigen specific tetramers and lack of unique 

surface markers have hampered the ability to study type II NKT cells. The advent of new 

technologies, such as single cell RNAseq, to identify rare populations of cells could serve as a 

great tool to define new markers of type II NKT cells and allow for more specific tracking of 

these cells in an infection setting. One limitation of using single cell RNAseq in an infection 

setting is the requirement to perform experiments in BSL-2 conditions, however, use of fixation 

protocols prior to single cell RNA seq could overcome this hurdle. A recent study performed 

single cell RNA seq on human iNKT cells sorted from patient PBMC and identified five iNKT 

subpopulations in peripheral blood (289). Using this approach with sorted CD4+NK1.1+ T cells 

from SA-infected Ja18-/- mice, I could identify additional markers expressed by type II NKT cells.  

 An additional ‘omics’ approach to further define the characteristics of rare populations of 

cells such as type II NKT cells is to perform TCR repertoire sequencing of sorted type II NKT 

cells. From our surface staining experiments, I determined that CD4+NK1.1+ type II NKT cells 

utilize diverse Va/Vb chains (Fig. 3-12). TCR repertoire sequencing can tell us whether type II 

NKT cells utilize diverse or clonal complementarity determining regions (CDRs) and whether a 

specific CDR recognizing a SA lipid moiety is expanded after SA infection. Since this has not 

previously been done for type II NKT cells to our knowledge, I would have to sort type II NKT 
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cells from naïve and infected mice to make a comparison study in alteration of the TCR 

repertoire after infection.  

 A few lipid antigens have been identified that are recognized by type II NKT cells using T 

cell clones derived from human PBMC (179, 180), however further work needs to be done to 

identify additional lipid antigens from other bacterial infections that activate type II NKT cells. 

The CD1-restricted T cell field has lagged behind the conventional T cell field in part due to the 

lack of advances in the field of lipidomics. Lipid extraction and purification is largely limited to 

techniques developed in the late 1950s using organic solvents and phase extraction (264). One 

particular CD1-T cell lab with a focus in lipid purification has made use of a unique LC-MS 

system consisting of a UV detector, a single quadrupole mass spectrometer, an evaporative 

light scattering detector (ELSD) and a photodiode array detector to fractionate lipids based on 

ELSD and retention time (180). However, this system requires a dedicated machine since 

organic solvents must be used to separate out lipid species, and is not commercially available. 

More advanced techniques to characterize lipid polarity are available, such as electrospray 

ionization coupled with different mass analyzers like ion trap and time-of-flight (290), however 

these methods require fragmentation of lipids, therefore they cannot be used for purification 

purposes. Further advances in the field of lipidomics are needed to enhance isolation and 

identification of lipid antigens recognized by CD1-restricted T cells.  

 

4-12 Concluding Remarks 

 The study of NKT cells and MAIT cells and their relevance to infection control is much 

understudied relative to the conventional T cell response. In this work, I demonstrated that type 

II NKT cells, not iNKT cells or MAIT cells, were important for reducing bacterial burden and 

controlling neutrophil infiltrate to infected liver and kidneys of mice with SA systemic infection 

(Fig. 4-2). This protection was mediated by type II NKT cell IFN-g production, which required 

both CD1d-TCR engagement and IL-12 production/MyD88 engagement by APCs. I also 
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determined that PG and lysyl-PG species from the cell membrane of SA induced type II NKT 

cell cytokine production. I identified a population of T cells, enriched for type II NKT cells, that 

expanded in patients with SA bacteremia relative to healthy controls, suggesting the potential 

relevance of type II NKT cells in human SA infection. Due to lack of specific markers to track 

type II NKT cells in vivo, study of this unconventional T cell population has lagged far behind 

iNKT cells. However, given the higher prevalence of type II NKT cells in humans relative to iNKT 

cells, it will be important for future studies to characterize type II NKT cell responses in different 

disease states. Because of the nonpolymorphic nature of CD1 molecules, targeting of type II 

NKT cells with a lipid antigen vaccine could be a novel method to induce protection against SA 

infections where previous vaccines have failed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

141 

Figure 4-2. Type II NKT cells protect against SA infection. 

 
Figure 4-2: Schematic of known protective type II NKT cell responses to SA systemic infection. 
During SA bacteremia, SA enters liver and kidneys via the bloodstream and begins to form 
abscesses in the kidneys, a colony of bacteria surrounded by a fibrinogen capsule and 
infiltrating neutrophils and macrophages. TLR recognition of PAMPs on SA activates DCs via 
the MyD88 pathway to produce IL-12. Type II NKT cells were activated by recognition of 
PG/lysyl-PG presented by CD1d to the TCR and binding of DC-derived IL-12 to the type II NKT 
cell IL-12 receptor. These 2 signals activated type II NKT cells to produce IFN-g, which 
contributed to limit neutrophil infiltrate and bacterial burden in the kidneys and liver, and 
inflammation in the kidneys. iNKT cells were also activated via CD1d and MyD88 to produce 
IFN-g in response to SA infection, but were not required for protection. MAIT cells were 
dispensable for control of SA infection. 
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