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Abstract 

Title of Dissertation: Natural Killer T Cell Development and Activation: Implications in 

Cancer Immunotherapy 

Susannah C. Shissler, Doctor of Philosophy, 2019 

Dissertation Directed by: Tonya J. Webb, Associate Professor 

 Department of Microbiology and Immunology 

Natural killer T (NKT) cells are a population of innate-like lymphocytes that express both 

NK and T cell markers.   Following activation by the recognition of glycolipid antigen 

presented in the context of CD1d, NKT cells have been shown to play important roles in 

infection, autoimmunity, and cancer. The research undertaken herein sought to determine 

factors important for NKT cell development and activation to further understand the 

potential of NKT cells in cancer immunotherapy.  We characterized thymic NKT subsets 

in different strains of mice and demonstrated that both the size and the subset distribution 

of the NKT cell population is dependent on genetic factors.  By developing sensitive 

methods to track cellular proliferation, we identified baseline differences in NKT cell 

subset activation parameters.    Specifically, NK1.1+ NKT cells were less likely to enter 

cell cycle after stimulation, divided less when activated, and were more adversely affected 

by CD28 costimulatory blockade compared to NK1.1- NKT cells.  In our lymphoma and 

breast cancer studies, we show that NKT cell recognition of cancer cells can be enhanced 

by the presence of an activating ligand, but not by PI3K inhibitors or CARP-1 functional 

mimetics.  Additionally, NKT cell-mediated cytotoxicity is enhanced by, but not dependent 

on, CD1d engagement.  Whereas NK1.1+ NKT cells are the optimal subset of NKT cells 

for use in cancer immunotherapy because of their potent cytolytic abilities, activation of 



 
 

NK1.1- NKT cells could pose a threat to anti-tumor immunity, attributable to their 

secretion of immunosuppressive or regulatory cytokines.  Collectively, our data 

demonstrate a critical role for CD1d engagement and costimulation for optimal activation 

of NK1.1+ NKT cells.  Due to the fact that cancers often downregulate CD1d and do not 

express costimulatory molecules, our data highlight the need for the development of 

strategies focused on inducing the activation of specific subsets of NKT cells for cancer 

immunotherapy.
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Chapter 1: General Introduction 

1.1 Cancer is a significant health burden 

 Cancer is one of the leading causes of death worldwide – contributing to 8.2 million 

deaths in 2012.  While the overall 5 year survival rate in the United States is 67.1%, most 

cancer diagnoses (57%) occur in less developed countries with higher mortality rates.  In 

the US, current estimates indicate that 39.3% of individuals will receive a cancer diagnosis 

during their lifetime. Accordingly, cancer represents a significant economic burden with 

an estimated national expenditure of $147.3 billion in 2017.  In recent years, approaches 

developed from basic studies in Immunology are proving to be some of the most promising 

tools to combat this scourge.  Devising new immunological approaches to improve on these 

successes is not trivial, since the intricacies of the immune response to cancer have not 

been worked out. As I discuss in this dissertation, a specialized subset of immune cells 

known as NKT cells are particularly poignant in this regard, since they are quite critical for 

an effective multipronged immune attack against cancer. However, we currently lack a 

sufficient understanding of basic NKT cell biology – e.g. how they function and what ways 

can they be manipulated - to be able to develop new drugs and strategies to improve their 

NKT based immunity. Each chapter of this dissertation represents an effort to improve our 

understanding of these areas of Immunology.  
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1.1.1 Basics of cancer: origins 

 Cancer is a disease state characterized by uncontrolled growth of a group of cells 

that is detrimental to the individual.  In the Hallmarks of Cancer, Hanahan and Weinberg 

laid out commonalities observed in cancers including limitless replicative potential, 

evading apoptosis, resistance to anti-growth signals, angiogenesis, self-sufficiency of 

growth signals, and metastasis (1).  These initial characteristics describe the ability of 

cancer cells to persist, proliferate, and spread and are conferred to the cell by mutations.  

Transformed cells accumulate many driver and passenger mutations over time.  Driver 

mutations are the mutations that bestow hallmarks of cancer and are important for cancer 

cell malignancy whereas passenger mutations are additional alterations in genes that are 

not important for cancer cell persistence.  Due to selective pressures that ensure mutations 

confer an advantage, there are common mutation patterns observed such as the activation 

of oncogenes (i.e. c-myc) and the silencing of tumor suppressor genes (i.e. BRCA-1)  (2).  

For example, BRCA-1 is normally a tumor suppressor gene that mediates cell cycle arrest 

and DNA repair.  Therefore, when BRCA-1 is mutated, DNA repair is more likely to be 

defective – resulting in the accumulation of additional mutations.  While some of these 

mutations will be innocuous and others will lead to cell death, a select subset will confer 

further tumor-progressing advantages to the BRCA-1 mutant cell.  Through the slow 

accumulation of such mutations (graphically represented in Figure 1.1), the hallmarks of 

cancer will be acquired and the disease will progress to a clinically significant burden.  The 

fact that cancers have already undergone an aggressive evolution prior to diagnosis and 

treatment makes them difficult to treat.  
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 Current standard of care cancer treatment regimens are typically harsh with the 

most common therapeutic options including surgery, radiation, chemotherapy, or a 

combination of the three - each with its own purpose and disadvantages.  While the primary 

goal of surgery is resection of the tumor, in many cases surgeons must remove excess 

healthy tissue to ensure that no cancer tissue remains.  More dramatically, in radiation 

therapy healthy tissue surrounding the cancer is also damaged (and can even acquire 

mutations).  While surgery and radiation can be physically targeted to the tumor and its 

surrounding tissue, chemotherapies are typically administered to the full body.  Instead of 

specifically targeting cancer cells, chemotherapies target proliferating cells.  Thus they 

have significant off-target effects due to cytotoxicity against healthy, normally dividing 

tissues.  One of the anticipated benefits of cancer immunotherapies is that the immune 

system is typically able to uniquely identify and target cancer cells (focusing in on altered 

proteins or lipid that appear in these cells as a result of the mutations they bear) – limiting 

off-target effects. While this remains the holy grail of immunotherapy, an improved 

understanding of how immune cells detect and get activated by cancer cells is required to 

fully realize this goal. 
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Figure 1.1 Cancers develop through the slow accumulation of mutations. 

Hallmarks of cancer are acquired through progressive acquisition of mutations that confer a selective 

advantage – eventually transforming healthy cells to malignant cells.  Individuals with BRCA-1 mutation 

already harbor one mutation and that mutations makes future mutations more likely.  For the purpose of this 

dissertation, two key points in this progression of a cancer are that some of the mutations driving tumor 

evolution (a) confer immune-evasive properties to the cancer and (b) lead to new proteins or lipids appearing 

in tumors, that can be used to target them using immune cells.    
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1.1.2 The anti-pathogen immune response as a model for anti-tumor immunity 

The immune system has evolved over millions of years to efficiently protect the 

body from invasive pathogens, including viral, bacterial, fungal, and parasitic infections.  

The resulting immune system in mammals, is comprised of two overlapping branches.  As 

demonstrated in Figure 1.2, the first branch, or the innate immune system responds within 

a few hours of infection while the second branch or the adaptive takes days to mobilize.  

When a pathogen infects a tissue, it not only brings in pathogenic molecules but also causes 

tissue damage – both of which can alert the first branch of the immune system.   Cells in 

the innate immune system use a conserved system of pattern recognition receptors (PRRs) 

that detect these signals - known as pathogen- and damage-associated molecular patterns, 

or PAMPs and DAMPs, respectively.  Activated tissue resident innate immune cells, such 

as mast cells and dendritic cells (DCs), recruit circulating innate immune cells, namely 

neutrophils and natural killer (NK) cells, and together limit the spread of the pathogen 

using cytokines, pro-inflammatory molecules, and antimicrobial peptides.  Alongside this 

first phase of the response, the innate system is also critical for triggering the second branch 

– ostensibly to combat the pathogen if it manages to escape the innate response. 

Antigen presenting cells (APCs), such as macrophages and DCs, facilitate the 

activation of the adaptive immune system by phagocytosing debris at the site of infection 

and migrating to the draining lymph node.  In the draining lymph node, APCs present the 

acquired antigens to T cells and activate the T cells that recognize their cognate antigen.  

Activated T cells proliferate and develop effector functions before trafficking back to the 

site of infection where they kill the pathogen or infected cells via cytokine secretion and 

direct cytotoxicity. B cells are similarly activated in the lymph node, but require the help 
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of activated T cells, and, instead of trafficking to the site of infection, differentiate into 

plasma cells and release antibodies that go to the site of infection.  Antibody binding can 

neutralize the pathogen or induce its death via activation of complement (complement 

dependent cytotoxicity – CDC) or immune cells (antibody dependent cellular cytotoxicity 

– ADCC).  Once the pathogen is eliminated, the immune system returns to homeostasis 

through regulatory mechanisms to suppress the immune system and induce wound repair 

pathways. 
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Figure 1.2 During the anti-pathogen immune response, the innate and adaptive immune systems 

collaborate to eliminate the pathogen. 

Abstract representations of pathogen levels (red line), innate immune response (black), and adaptive immune 

response (blue) to illustrate the interplay of pathogens and immune responses over time.  Upon infection, 

pathogens damage tissue - alerting the innate immune system.  Within hours of activation, neutrophils are 

recruited to limit the spread of the pathogen and APCs phagocytose debris to activate the T cells in the lymph 

node.  Mobilization of the adaptive immune response takes days.  T cells help activate B cells and traffic to 

the site of infection where they secrete cytokines and directly kill infected cells.  B cells secrete antibodies 

that traffic to the site of infection and bind the pathogen – neutralizing it and inducing phagocytosis or 

cytotoxicity.  Together these systems restore healthy tissue. 
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1.1.3 Immunological challenges for anti-tumor immunity 

  The previous description of anti-pathogen responses highlights the unique 

challenges that must be overcome (outlined in Figure 1.3) to fight a tumor.  The first 

obstacle is activation of the innate immune system.  As mentioned previously, the innate 

immune system is activated by PAMPs and DAMPs, but cancers are not pathogens and 

DAMPs are tightly controlled to prevent aberrant activation.  However, the hallmarks of 

cancer, namely angiogenesis and metastasis, indicate the invasive quality of cancers which 

gives them the ability to disrupt healthy cells – potentially causing the release of DAMPs.  

Innate immune sensing of cytosolic DNA through the cGAS-STING and extracellular ATP 

or HMGB1 via P2X7R and TLR4, respectively, has been demonstrated to be very 

important for initiation of the anti-tumor immune response (3,4).   

 The second challenge is recognition of self.  In the anti-pathogen immune response, 

there are clear-cut self and non-self components.  This division is less distinct in anti-tumor 

immunity.  While the recognition of self in the form of DAMPs is activating in innate 

immunity, the recognition of self is tightly controlled in adaptive immunity.  During 

development, T cells undergo a series of selection events, called central tolerance, that 

ensure a moderate level of self recognition – too high or low results in death. Therefore, 

peripheral T cell populations are primarily tolerant to self antigens.  This peripheral 

tolerance is maintained by T regulatory (Treg) cells, a T cell population that strongly 

recognizes self antigens, but are selected during development to suppress T cell effector 

function when activated.  While their primary function is to prevent the formation of 

autoimmune responses as a result of epitope spreading during pathogenic infections, they 

are frequently implicated in suppression of anti-tumor immune responses.  Despite these 
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complications, T cells can recognize and respond to some cancers because the mutations 

they acquire can also affect their proteins leading to the expression of tumor-specific 

antigens or neoantigens. In the context of NKT cells, the high mutational burdens and 

altered metabolism could also affect the lipids that these tumors have. 

 The third obstacle is T cell polarization.  Under the two signal model (Figure 1.4), 

T cell activation requires two signals: antigen and costimulation. T cells recognize their 

cognate antigens using unique T cell receptors (TCRs).  TCRs interact with antigens 

presented by major histocompatibility complex (MHC) class I or class II.  Therefore, T 

cells are activated by TCR recognition of the peptide:MHC complex.  However, T cell 

recognition of cognate antigen in the absence of costimulation, namely the interaction of 

CD28 with CD80/86, results in anergy or death.  CD80/86 receptors are upregulated on the 

APC by a PRR-induced process called maturation – re-emphasizing the importance of 

DAMP signaling in anti-tumor immunity.  However, simple activation is not sufficient for 

anti-tumor immunity which is mediated by a specific type of T cell response.  There are 

two types of conventional T cells – CD4+ (Helper, TH) and CD8+(Cytotoxic T 

lymphocytes, CTLs) – which recognize antigen in the context of MHC class II and MHC 

class I, respectively.  Upon activation, TH differentiate into effector subtypes based on the 

cytokine signaling received during activation.  Anti-tumor immunity requires formation of 

the TH1 subset triggered by IL-6 and IL-12 signaling and characterized by expression of 

the master transcription factor T-bet and secretion of interferon (IFN)-γ, IL-2, and tumor 

necrosis factor (TNF)-α.  CTL activation has an extra requirement: DC licensing.  

Activated TH1 cells provide costimulatory signals (namely CD40:CD40L) to DCs to induce 

upregulation of MHC class I and more costimulatory receptors for CTL activation.  
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Additionally, the TH1 cells provide IFN-γ and IL-2 cytokine signaling to the CTL.  Upon 

activation, CTL also produce IFN-γ and can be directly cytotoxic through secretion of 

perforin and granzyme or the use of cell surface receptors such as FasL and TRAIL.  The 

different cytotoxicity requirements of CTL and NK cells place the cancer in a predicament.  

While CTL cytotoxicity requires recognition of cognate peptide:MHC class I complex on 

the target cell, NK cell mediated cytotoxicity is induced by expression of stress ligands and 

failure to express MHC class I. Due to their cytotoxic effector functions, TH1 and CTL are 

especially well suited for elimination of cancerous cells.  
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Figure 1.4 The two singal model of T cell activation. 

T cells that recognize their cognate antigen in the absence of costimulation (CD28) will undergo anergy or 

apoptosis.  Conversely, when PRR signaling induces upregulation of costimulatory ligands (CD80/86) on the 

APC, T cell recognition of their cognate antigen will result in activation. 

Figure 1.3 The anti-tumor immune response faces many challenges. 

The antitumor immune response faces challenges with activation of innate and adaptive immunity and 

suppression of activated, effector cells in the tumor microenvironment. 
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1.1.4 Cancer immunosurveillance: elimination and evolution 

 The final obstacle is overcoming immune suppression at the site of malignancy.  

Cancers develop under constant immune pressure due to immunosurveillance.  If the cancer 

is not eliminated by the methods detailed previously, it evolves methods of subverting 

(equilibrium phase) and then suppressing the immune response (escape phase).  For this 

reason, the hallmarks of cancer have been updated to include avoiding immune destruction 

(5).  There are four types of immune tolerance to cancer – Ignorance, Anergy, Deletion, 

and Suppression.  Ignorance typifies immunologically “cold” tumors (3).  Due to a lower 

mutational burden, cold tumors primarily express non-mutated self antigens – limiting the 

ability of T cells to recognize antigens.  Ignorance is also enforced by the formation of 

dense extracellular matrix (ECM) surrounding the tumor – effectively segregating the 

tumor from the immune system.  Cold tumors also suppress pro-inflammatory factors (such 

as DAMPs) and release tolerogenic factors (such as IL-10) – preventing the maturation of 

APCs and resulting in T cell anergy due to lack of costimulation (3,4).  Conversely, 

immunologically “hot” tumors evade responses due to deletion and suppression within the 

tumor microenvironment (TME) (3,4,6–8).  “Hot” tumors are frequently inflamed – 

indicating the presence of DAMPs that allow APCs to mature and effectively activate T 

cells.  Additionally, their higher mutational burdens makes the presence of a neoantigens 

– and consequently T cell activation – more probable (3).  Tumors can evade activated T 

cells by exclusion, deletion and suppression.  Physical exclusion from the tumor site is 

mediated by dense ECM, vascular endothelial growth factor (VEGF), and endothelin B 

receptor (ETBR).  T cell deletion is facilitated by hypoxic conditions, FasL, and indolamine 

dioxygenase (IDO) activity.  Finally, suppression of T cell effector function by amino acid 
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deprivation (by IDO and arginase), cytokine signaling (i.e. IL-10 and TGF-β), and co-

inhibitory signals (such as PD-L1 and CTLA-4) is enforced by tumor-recruited, 

suppressive immune cells such as myeloid derived suppressor cells (MDSCs), Treg cells, 

and tumor associated macrophages (TAM), in addition to the tumor itself.  Reversal of 

these immunosuppressive conditions and activation of anti-tumor immunity is the primary 

goal of cancer immunotherapies.   
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1.1.5 Cancer immunotherapy  

 Cancer immunotherapies can be divided into active and passive immunotherapies, 

outlined in Table 1.1 (9).  Passive immunotherapies, including adoptive cell transfer 

(ACT), chimeric antigen receptor (CAR) T cells, cytokines, and anti-tumor antibodies, give 

immune components to the individual to fight the disease, whereas active immunotherapy, 

including vaccines with DCs or modified tumor cells, checkpoint inhibitors, oncolytic viral 

therapy, and radiation therapy, seeks to stimulate an endogenous immune response against 

the disease.  While these approaches rely on conventional T and B cell responses, it is clear 

that many tumors can evolve mechanisms to evade these responses. Some of these evasive 

mechanisms (discussed previously) include the lack of adequate protein antigens on these 

cells, recruitment of suppressive cells that limit conventional T cells, and prevention of 

innate immune activation. Therefore additional or alternate immunological approaches are 

needed to combat the rising threat of cancer. 
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Table 1.1 Types of immunotherapy. 



16 
 

1.2 NKT cells bridge the innate and adaptive immune systems 

 Natural killer T (NKT) cells possess a unique set of traits that place them optimally 

for activation of anti-tumor immunity.  NKT cells are a subset of innate-like T cells that 

have traits and effector functions from both their namesakes (as shown in Figure 1.5).  

They express surface receptors similar to NK cells, including NK1.1 and CD16 (required 

for mediating ADCC) (10,11).  They also express a TCR and develop in the thymus like 

conventional T cells.  However, instead of peptide antigen in the context of MHC class I 

or II, the NKT TCR recognizes glycolipid antigen presented by the MHC class Ib molecule, 

CD1d.  CD1 restriction unites a diverse group of NKT cells which can express αβ or γδ 

TCRs.  αβ NKT cells are subdivided into type I and type II based on glycolipid recognition 

with type I recognizing the canonical, exogenous activating ligand, α-Galactosylceramide 

(α-GalCer) and type II recognizing self antigens such as sulfatide.  Type I NKT cells can 

have diverse or semi-invariant TCRs (iNKT).  NKT cells were originally identified in mice 

as a mature, effector (CD44+) population of DN or CD4+ thymocytes that expressed αβ 

TCRs that predominantly utilized the Vβ8 β chain (12,13).  Simultaneously, a population 

of T cells with higher than normal frequency of Vα14 were discovered (14,15).  Eventually, 

these two high frequency TCR chains were linked together to define iNKT cell TCRs.  In 

mice, Vα14Jα18 pairs with three different β chains (Vβ8, 7, and 2), whereas in humans, 

Vα24Jα18 pairs with Vβ11 (16,17).  Type I and type II NKT cells have similar, but 

frequently opposing functions in human disease, including cancer with type I and II NKT 

cells exerting anti-tumor and pro-tumor effects, respectively.  Due to our interest in 

promoting anti-tumor immunity, we will focus on type I NKT cells. 
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Figure 1.5 NKT cells have traits of T cells and NK cells. 

Conventional T cells have diverse TCRs that recognize peptide antigen in the context of MHC molecules – 

with CD4 T cells recognizing MHC class II and CD8 T cells recognizing MHC class I.  Natural killer T cells 

can have diverse or a semi-invariant TCR that recognized glycolipid antigens in the context of CD1d.  NKT 

cells also express NK cell markers such as NK1.1 and CD16. 
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1.2.1 NKT cell effector functions are designated during development 

 NKT cell-mediated protection is attributed to their ability to activate the immune 

system at large by recruiting neutrophils, inducing macrophage and dendritic cell 

maturation, facilitating B cell activation and antibody production, and promoting antigen-

specific T cell responses.  As innate-like T cells, NKT cells can be activated through their 

TCR by presentation of activating lipids on CD1d or through PRRs and cytokine signaling 

from other cells.  Unlike conventional T cells, NKT cells respond rapidly upon activation.  

They produce large amounts of both classically innate (i.e. IL-6 and IL-12) as well as 

adaptive (i.e. IFN-γ) cytokines due to intracellular cytokine mRNA storage at homeostasis. 

This allows them to attract first responders such as eosinophils and neutrophils as well as 

stimulate phagocytosis and maturation of dendritic cells and macrophages.  Additionally, 

they can mediate direct cytotoxicity via perforin/granzyme release or the use of surface 

receptors such as FasL and TRAIL.  Although NKT cells have historically been considered 

a homogeneous population, their heterogeneity is beginning to be appreciated (NKT 

populations are described in Table 1.2).  Whereas conventional T cells differentiate into 

effector subtypes based on cytokine signaling received during activation, NKT cells 

differentiate into effector subtypes, known as NKT1, NKT2, or NKT17, during 

development (detailed in Chapter 3).  NKT1 mirror the previously discussed TH1 subset, 

possess cytolytic abilities, and classically express NK cell markers.  NKT2 and NKT17 

(mirroring TH2 and TH17) are characterized by production of IL-4 and IL-17, respectively, 

and are not cytotoxic.  Similar to tissue resident memory T cells, NKT cells establish 

residency after development with the subset distribution varying by the tissue.  Despite 

differentiation during development, both location and stimulation source can impact NKT 
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responses.  IL-9 production is not programmed during development, but can be induced by 

activation in the presence of TGF-β and IL-4 (18).  NKT cells have been shown to develop 

regulatory properties similar to Tregs, such as IL-10 secretion and contact-dependent T cell 

suppression, after α-GalCer stimulation or stimulation in the presence of TGF-β (19–21).  

Additionally, NKT cells can differentiate into follicular helper cells (NKTFH) that express 

Bcl-6, produce IL-21, and impact B cell activation and classswitch recombination (CSR), 

but do not promote long-lived memory B cell responses (22–25).  Given their effector 

functions, NKT1 are thought to be the most beneficial to anti-tumor immunity.  However, 

the impact of stimulation parameters on NKT1 activation or the impact of NKT2 and 

NKT17 on anti-tumor immunity have not been established. 
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Table 1.2 Characteristics of NKT cell subtypes. 
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1.2.2 NKT cells promote anti-tumor immunity 

 The anti-tumor capabilities of NKT cells (Figure 1.6) were demonstrated soon after 

their discovery (12,16).  In fact, the 1993 discovery of their exogenous activating ligand, 

α-GalCer, was tested using a B16 melanoma model (26).   Multiple papers noted the potent 

bioactivity of α-GalCer – including inducing lymphocyte proliferation, NK cell activation, 

reduced metastases, and prolonged lifespan of tumor-bearing mice.  Increased survival was 

correlated with IL-2 and IFN-γ production, APC activation, NK cell activation, and tumor-

specific CTL production (27–30).  However, it was not until 1997 that the proliferative 

effects of α-GalCer were shown to be dependent on CD1d, Vβ8, and co-stimulatory 

molecules (CD40/CD40L, B7/CTLA-4/CD28) (31), linking NKT cells to α-GalCer.  A key 

piece of evidence was provided when surface plasmon resonance was used to prove that 

glycolipids such as α- and β-GalCer can bind both mouse CD1 and human CD1d (32).  In 

2000, the importance of NKT cells in cancer immunosurveillance and initiation of the anti-

tumor immune response was demonstrated using a carcinogen-induced tumor model in 

mice that had various lymphocyte subsets knocked out by gene targeting or depletion (33).  

Mice deficient in iNKT cells were more susceptible to tumor growth and loss of NKT cell 

effector molecules such a perforin and IL-12 significantly increased tumor growth.  

 Both CD28 and CD40 are needed to spur an effective anti-tumor immune response 

after α-GalCer injection (34–36).  α-GalCer presentation to NKT cells results in the 

production of IFN-γ and TNF-α.  The CD40:CD40L interaction induces production of IL-

12 by the DCs and upregulation of the IL-12Rα on NKT cells.  Activated NKT cells can 

directly kill tumor cells via perforin/granzyme and Fas:FasL interactions (37,38).  Co-

administration of α-GalCer and IL-12 works synergistically for NKT activation, cytokine 
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production, and cytotoxicity (36).  IFN-γ release by NKT cells activates NK cells to 

produce IFN-γ and directly kill tumor cells (39,40).  IFN-γ and TNF-α upregulate CD80/86 

on DCs while IL-12 induces a TH1/CTL immune response – promoting effective anti-tumor 

T cell immunity (41). Thus, malignant cells are killed directly by NKT cells as well as 

indirectly via the activation of cytotoxic NK and CD8+ T cells.  The potent effects of NKT 

cells in anti-tumor immunity are summarized in Figure 1.6.  NKT cells play an important 

role in the anti-tumor immune response, but cancer have ways of subverting them. 
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Figure 1.6 NKT cells promote anti-tumor immunity. 

NKT cells bridge the innate and adaptive immune systems.  NKT cells can directly recognize tumor cells.  

Upon activation, they can directly lyse tumor cells and secrete cytokines to activate NK cells.  NKT cells 

induce DC maturation and enable CTL activation.  NK cells and CTL can also directly recognize and lyse 

tumor cells. 
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1.2.3 Incorporation of NKT cells into cancer immunotherapy  

 Early attempts to exploit NKT responses to cancers have demonstrated that some 

of the limitations of conventional immunotherapy also affect these cells. Cancers can 

suppress NKT cells directly and indirectly, as seen in Figure 1.7. In addition to the 

secretion of suppressive factors that can directly inhibit NKT cells or indirectly prevent 

APC-mediated activation (as discussed in Chapter 1.1.4), cancers can suppress NKT cells 

via presenting or shedding inhibitory glycolipids (such as GD3) that bind CD1d and 

prevent NKT cell activation (42–44).  There have been four primary focuses of cellular 

suppression of NKT cell activation in anti-tumor immunity: Tregs, MDSC, TAM, and NKT 

cells. In vitro studies testing Vα24 NKT proliferation, cytokine production, and direct 

cytotoxicity indicated that CD4+ CD25+ Tregs can inhibit NKT responses in a dose-

dependent, contact-dependent manner (45). Yanagisawa et al. discovered that NKT cell 

responses are suppressed by the nitric oxide production of MDSCs and that this suppression 

can be subverted by forced maturation of the MDSCs using all-trans-retinoic acid (46). In 

addition, it was shown that CCL20-producing TAMs can act as a hypoxic trap for tumor-

infiltrating NKT cells, resulting in a loss of NKT cell function within the tumor 

microenvironment (47).  

 Lastly, there are also reports that NKT cells can inhibit anti-tumor immunity (48). 

This phenomenon initially seemed very contradictory, but is potentially explained by two 

concepts. First, the initial studies examined bulk NKT cell populations. As mentioned 

previously, type II NKT cells can be suppressive in the context of anti-tumor immunity by 

producing IL-13 that induces MDSCs (49–51). Secondly, type I NKT cells are 

heterogeneous and the context of activation may affect their anti-tumor capacity through 
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TH2 skewing (52). As shown by Izhak et al., there is an intricate network of suppression in 

the tumor microenvironment with multiple levels of suppression acting at once (53). 

Collectively, these studies demonstrate that understanding NKT cell suppression within the 

tumor microenvironment mediated by tumors, Tregs, MDSCs, TAMs, and NKT cells is 

extremely important in the context of developing effective cancer immunotherapies. 

 Numerous studies have shown that cancer patients have a deficiency in both NKT 

cell number and function (54–56), suggesting that in vivo NKT cell modulation (via active 

immunotherapy methods such as DC vaccines) may be ineffective in patients with low 

NKT cell numbers or decreased functionality. In 2005, Molling et al. found that NKT cell 

numbers were 47% lower in cancer patients independent of tumor type or stage/grade 

compared to age and gender matched healthy controls among a large cohort of patients 

(57). Studies from our lab and others have indicated that NKT cells from some cancer 

patients cannot be efficiently expanded ex vivo, unlike healthy donor NKT cells (58)(59).  

Chang et al. showed that multiple injections of α-GalCer-loaded mature dendritic cells lead 

to sustained expansion of NKT cells and antigen-specific T cells. However, NKT cells 

expanded from cancer patients still exhibited reduced capacity for IFN-γ secretion 

compared to NKT cells from healthy controls (60).    

 Although NKT cell-mediated immunotherapies have demonstrated success in 

murine models (discussed in Chapters 5 & 6), incorporation into human clinical trials, 

primarily by ACT or DC vaccines, has been met with limited efficacy.  ACT was classically 

developed for expansion and reinfusion of tumor-reactive conventional T cells.  However, 

limitations of ACT are that patients must have preexisting tumor reactive cells (which are 

difficult to identify in non-melanoma malignancies) and HLA restriction (61). NKT cells 
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avoid HLA restriction by using the non-polymorphic CD1d molecule. In an advanced 

melanoma trial for adoptive transfer of in vitro expanded NKT cells, a third of patients 

demonstrated progression free survival at 4-5 years, but response did not correlate with any 

monitored immune parameters (62).  It has been demonstrated in human cancer patients 

that NKT cell stimulation by α-GalCer-loaded mature DCs leads to increased IL-12 serum 

levels and a robust T cell response with the ability to produce memory CD8 T cells (60).  

A clinical trial that treated head and neck squamous cell carcinoma by ACT of ex vivo 

expanded NKT cells and α-GalCer-loaded DCs demonstrated tumor trafficking of the NKT 

cells and objective tumor regression in 50% of the patients (63).  A series of trials in 

patients with non-small cell lung cancer transferred α-GalCer pulsed DCs, in vitro activated 

NKT cells, or a combination.  While the DC vaccine did not meet clinical response 

parameters, the patients that received the highest dose achieved stable disease state (64).  

While adoptive transfer of in vitro-activated NKT cells resulted in an increase in both the 

number of circulating NKT cells as well as the number of IFN-γ producing cells in the 

peripheral blood, the objective anti-tumor response rate remained low – with no patients 

meeting the criteria for partial or complete response (65).  Similarly, repeated 

administration of α-GalCer-stimulated, IL-2/GM-CSF-treated PBMCs failed to achieve 

objective tumor regression.  10 of the 17 patients in this study had increased IFN-γ 

producing cells in the periphery and had a significantly longer median survival time than 

the 7 patients with poor IFN-γ response – highlighting the need to evaluate NKT cell 

function prior to enrollment in an NKT cell based therapy (66). 
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Figure 1.7 Cancer produce inhibitory factors that directly and indirectly suppress NKT cell activation. 

Cancers directly suppress NKT cell activation by presentation of inhibitory glycolipid antigens and secretion 

of inhibitory factors that act directly on the NKT cells.  Cancers indirectly suppress NKT cell activation by 

shedding inhibitory glycolipids and secreting inhibitory factors that prevent APC-mediated NKT cell 

activation. 
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1.3 Challenges and unresolved questions related to NKT cells in tumor immunology 

 Compared to conventional T and B cell responses, the major challenge to exploiting 

NKT cells as clinical therapeutics for tumor treatment stems from our poor understanding 

of several fundamental questions related to these fascinating cells. In this dissertation, we 

focus on tackling some of these outstanding questions using mouse model systems. The 

expectation is that the insights gained from these studies will impact our approaches to 

clinical diagnosis and treatment of cancer along the following lines. 

 

1.3.1 Does individual genetic heterogeneity in NKT cell responses affect individual 

susceptibility to tumors? 

 Given that NKT cells (as discussed above) have a significant impact on responding 

to and controlling tumors, it is intriguing to consider if natural genetic polymorphisms in 

the human population – that affect NKT cells – predisposes some people to develop tumors 

more than others. To begin with such variations could affect their ability to produce or 

generate a sufficient population of NKT cells. Importantly, NKT cells differentiate into 

effector subsets during thymic development or just after establishing tissue residency.  

Thus, unlike T cells, their response to stimulation is set prior to activation. Therefore 

understanding the variables controlling their development can be quite revealing of their 

ability to reject tumors. A captivating hypothesis would be that mutations which are highly 

associated with oncogenesis also have effects on NKT cell development. BRCA-1 and 2, 

tumor suppressor genes involved in DNA repair, are frequently mutated in breast cancer 

and germline mutations are strongly linked to hereditary breast, ovarian, and prostate 

cancer, among others.  Our initial hypothesis (based on clinical evidence) was that BRCA-

1 mutations lead to defective NKT development – impacting cancer immunosurveillance 
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and thereby allowing BRCA-1-mutant breast cancer lesions to grow with minimal immune 

control.  In Chapter 3, we evaluated this hypothesis using genetic models in mice. As 

elaborated in the chapter, although our analysis did not support a role for BRCA-1 in NKT 

development, we subsequently discovered that mouse-strain differences significantly 

altered the number and subset frequency of NKT cells. These findings underline the 

sensitivity of NKT cell development and differentiation to subtle genetic differences even 

in controlled mouse backgrounds.  The high degree of variability in NKT cell 

differentiation between inbred mouse strains likely represents a fraction of the 

heterogeneity actually present in human populations.  In future, using our approaches to 

characterize patient NKT cell populations prior to treatment could help stratify the type of 

treatment appropriate for each individual.  

 

1.3.2 What are the factors affecting the activation of NKT cell subsets? 

 In the case of conventional T cells, the activation requirements are fairly well 

defined (see Chapter 1.1.3 for details of the two-signal model). Indeed this has allowed us 

to develop adjuvants to enhance T cell mediated immune responses or costimulatory 

blockade for tolerance protocols.  While it is known that costimulation enhances NKT cell 

activation (detailed in Chapter 4) similar to their T cell counterparts, the intricacies of 

NKT cell activation are not as completely defined.  The delineation of NKT cell subsets 

with distinct functional roles implies differences in activation requirements – as the 

simultaneous activation of all NKT cell subsets could derail the optimal response.  In 

Chapter 4, we probed the impact of the costimulatory molecule, CD28, and the co-

inhibitory molecule, CTLA-4, on mature, thymic resident NKT cell activation by co-opting 

a technique developed to assess NKT cell proliferation in the BRCA-1 mutant mice.  While 
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optimizing the protocol, we noticed that NK1.1- NKT cells preferentially expanded over 

other subsets – leading us to hypothesize that NKT cell subsets would have specific 

costimulatory requirements.  Although NKT cells as a whole were refractory to CTLA-4 

blockade or activation, NKT cell subsets exhibited distinct baseline proliferation 

tendencies and distinct requirements for CD28 signaling.  Due to the tissue-specific 

functional profiles of NKT cells, our results have implications on the function of NKT cells 

in the thymus.  However, our results can also be used as a model of global NKT cell 

activation.  Similar to the way vaccine adjuvants have been optimized to induce the 

appropriate T cell responses according to their specific costimulatory requirements, 

immunotherapies targeting NKT cells can directly target the appropriate NKT cell subset 

for anti-tumor immunity by taking into account factors that will optimize their activation. 

 

1.3.3 Can we develop approaches to improve peripheral NKT cell responses in the 

context of a tumor response? 

 Although the use of NKT cells in clinical trials has not demonstrated resounding 

success, NKT cells are a promising immunotherapeutic approach because they are not 

being exploited to their full potential.  Following the development of NKT cells (Chapter 

1.3.1) and the requirements for activating them (Chapter 1.3.2), the obvious next question 

– in the context of a pathological situation – would be on how to effectively manipulate 

them. The 1997 discovery that linked α-GalCer to CD1d and NKT cell activation also 

inexorably linked NKT cells to anti-tumor immunity.  However, the ability of NKT cells 

to directly recognize and kill cancer cells is incompletely understood.  In Chapters 5 & 6, 

we hypothesized that treatment of cancer cells with chemotherapy reagents would enhance 

their immunogenicity to NKT cells by producing activating ligands or upregulating stress 
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markers.  Although the chemotherapies we tested did not enhance NKT cell responses, we 

discovered that tumor cell presentation of the canonical activating ligand, α-GalCer, 

enhanced NKT cell activation as measured by IFN-γ secretion and direct cytotoxicity.  

While it is unquestioned that NKT1 cells are the optimal subset for anti-tumor immunity, 

the continued assumption that all NKT cells are NKT1 cells exemplifies a major setback 

to the effective deployment of NKT immunotherapy.  Mouse models have shown that NKT 

cell mediated anti-tumor immunity is dependent on NKT1 effector molecules, including 

IFN-γ and perforin, but is also dependent on eliciting a functional T cell response 

characterized by TH1 CD4 T cell and CTL activation.  Therefore, production of a complete 

anti-tumor immune response by NKT cells specifically requires NKT1 activation – not 

NKT2 or NKT17.  However, clinical trials rarely measure the production of cytokines other 

than IFN-γ or assess NKT cell subsets by cell surface markers or transcription factor 

expression.  Given the newly established heterogeneity of the NKT cell population and 

their subset-specific requirements for stimulation, NKT1 cells must be specifically targeted 

in immunotherapeutic strategies.  
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Chapter 2: Materials and Methods  

Given that multiple chapters in this dissertation use similar methods, they have been 

consolidated in this chapter. When individual modifications were made for a specific 

chapter, they are included at the appropriate section. 

 

Cell Culture 

The human breast cancer cell line, MCF-7, and murine breast cancer cell line, E0771, were 

maintained as adherent cultures in DMEM supplemented with 10% FBS and 2mM L-

glutamine.  Cells were split using 0.05% Trypsin-EDTA (Gibco).  NKT cell hybridoma 

lines, DN32.D3, N37-1A12, and N38-3C3, were maintained as suspension cultures in 

IMDM supplemented with 5% FBS and 2mM L-glutamine (I+).  Human mantle cell 

lymphoma (MCL) cell lines, Jeko-1 and SP-53, were kindly provided by Dr. Raymond Lai 

(University of Alberta, Edmonton, AB, Canada).  C1R-CD1d, an EBV-transformed, 

human B cell line transduced to express CD1d, were kindly provided by Dr. Mark Exley 

(Harvard Medical School, Boston, MA, USA).  All B cell lines, PBMCs, hNKT cells, and 

primary murine cells were cultured in RPMI 1640 with 10% FBS, 100 mM sodium 

pyruvate, 10 mM nonessential amino acid solution, 1× vitamin solution, and 50 μM 2-ME.  

All cells were maintained in either 10μg/mL ciprofloxacin or 100IU/mL penicillin with 

100μg/mL streptomycin. 
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CARP Functional Mimetics (CFM) and PI3K inhibitors (PI3Ki) 

CFM-4 and CFM-5 were kindly provided by Arun K. Rishi (Wayne State University 

SOM). BEZ-235, BYL-719, and BKM-120 were kindly provided by Novartis.  CAL-101 

(Idelalisib) was purchased from LC Labs. 

 

Mice 

All mice were housed under specific pathogen free conditions at University of Maryland, 

Baltimore.  The use of mice was in accordance with procedures approved by the University 

of Maryland Baltimore, Institutional Animal Care and Use Committee. Male and female 

C57BL/6J, FVB/N, IL-14α transgenic (Tg), c-myc-Tg and MMTV-Cre mice were either 

bred inhouse or purchased from The Jackson Laboratory (Bar Harbor, ME).  The original 

MMTV-Cre-BRCA-1fl/fl mice were kindly provided by Dr. Laundette Jones (University of 

Maryland, Baltimore) (67).  DartMouse Lab (Lebanon, NH) assessed the genetic 

background of these mice by genotyping 5,307 single nucleotide polymorphisms (SNPs) 

and comparing them to control strains.  BRCA-1fl/fl mice that had been backcrossed onto 

C57BL/6 for 10 generations (01XC8 STOCK Brca1tm2Cxd) were generously provided by 

Dr. Andre Nussenzweig (NIH/NCI) and maintained inhouse. BRCA-1fl/fl mice were bred 

with MMTV-Cre (68) mice purchased from The Jackson Laboratory (Tg(MMTV-

cre)4Mam/J) and progeny were backcrossed onto BRCA-1fl/fl twice to produce BRCA-

1Δ11/Δ11 experimental animals and BRCA-1fl/fl littermate controls.  While different strains 

were house separately, all mice were age and sex matched.  IL-14α-Tg mice and c-myc-Tg 

mice were generously provided by Dr. Julian L. Ambrus Jr.  (State University of New York 

(SUNY) at Buffalo School of Medicine and Biomedical Sciences).  BV-MCL mice were 
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created by breeding homozygous IL-14-Tg mice with homozygous c-myc-Tg mice to 

produce double transgenic (DTG) mice, as previously described (69).  C57BL/6 CD45.1+, 

CD45.2+ mice were kindly provided by Nevil J. Singh (University of Maryland, 

Baltimore).  In the costimulation blockade experiments, all mice were female and three 

biological thymocyte replicates were used for all figures with each biological replicate 

composed of 3 mice. 

 

Isolation of murine mononuclear cells 

Spleens were harvested from mice and processed into single cell suspensions using 70μm 

cell strainers. Red blood cells were lysed using ACK (Ammonium-Chloride-Potassium) 

lysis buffer and washed twice in NKT buffer (1x DPBS without Ca or Mg, 2% FBS, 0.02% 

sodium azide) (70). Thymi were harvested from mice, processed into single cell 

suspensions using 70μm cell strainers and washed once in 5mL NKT buffer/thymus. 

 

Splenocyte Feeder Antigen Loading 

For antigen loading, splenocytes from female CD45.1+xCD45.2+ C57BL/6 mice were 

resuspended at 3x106 cells/mL in complete media with the antigen or vehicle control and 

plated 1mL/well in a 48-well cell-culture plate. α-GalCer (Axxora, LLC) was used at a 

concentration of 10ng/mL and the vehicle control (DMSO) was diluted in a similar manner 

to α-GalCer. The plated cells were incubated in a 37C, 5% CO2 incubator overnight. 

Antigen-loaded splenocytes were harvested and washed once with 10 mL complete media. 
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Thymocyte NKT enrichment 

For NKT enrichment, thymocytes from CD45.2+ mice (C57BL/6, BRCA-1fl/fl, or BRCA-

1Δ11/Δ11) were resuspended at 5x107 cells/mL in 2% FBS/PBS. 2.5x108 thymocytes were 

used per depletion and yielded approximately 1x107 enriched cells. For the depletion, 

thymocytes were incubated with α-CD8 (clone 53-6.7, BioLegend at 5μg/mL) and α-CD24 

(clone M1/69, BioLegend at 10μg/mL) for 15 minutes at room temperature. 375μL of 

sheep α-rat IgG Dynabeads (Thermo Fisher) were used per 5x107 cells and washed twice 

in 2%FBS/PBS prior to use. After the 15-minute antibody incubation, thymocytes were 

washed in 5-10x volume of 2%FBS/PBS and resuspended in the initial volume. Antibody-

labeled thymocytes were transferred into washed beads and incubated on a rotator for 20 

minutes. Bead-bound thymocytes were removed by placing the mixture on a magnet and 

collecting the NKT-enriched supernatant. Supernatant was further enriched by placing the 

cell suspension in a fresh tube on the magnet to remove minor bead contaminants before 

being transferred to a 15mL conical tube. Beads were washed once with 5mL 2% FBS/PBS 

and the magnet process was repeated to isolate bead-free cells in the supernatant. The 

enriched NKT cell fraction in the supernatant was collected and loaded with proliferation 

dye. 

 

Proliferation dye loading 

A circulating water bath was preheated to 37C. Cell trace violet (CTV) or 

Carboxyfluorescein succinimidyl ester (CFSE) were diluted in 0.5% FBS/PBS.  Enriched 

NKT cells were resuspended in diluted proliferation dye (up to 107 cells/mL) by inverting 

tube and vortexing on medium speed. Cells were incubated in the water bath for 10 minutes 
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and mixed twice by inversion. Then the cells were immediately transferred onto ice and an 

equal volume of FBS was mixed in by inversion. Cells were washed once with 5mL 0.5% 

FBS/PBS and once with complete media. 

 

Thymic NKT proliferation assay 

An equal number of antigen-loaded splenocytes and enriched, thymic NKT cells were 

plated in a total volume of 1mL in 48 well plates.  The total cell count per well varied from 

2x106 to 4x106 depending on the number of cells acquired. During costimulation blockade 

experiments, NKT cells were plated in 500μL of complete media in a 48-well plate and 

pre-incubated with media, α-CTLA-4 (BD, clone UC10-4F10-11, 20μg/mL), or isotype 

control (BD Pharmingen, clone B81-3, 20μg/mL) for 1 hour at 37C. Simultaneously, 

splenocytes pre-incubated with complete media or mCTLA-4-Ig (20μg/mL) for 1 hour at 

37C. After pre-incubation, splenocytes in 500μL were added to the wells containing NKT 

cells. Secondary antibody (α-hamster IgG, BioLegend, clone Poly4055, 1μg/mL) was 

added to indicated treatments. Note that enriched NKT cells were separately plated with 

both vehicle-loaded splenocytes and α-GalCer-loaded splenocytes. Co-cultures were 

placed in a 37C, 5% CO2 incubator for 48-72 hours.  At 48 or 72 hours, the co-culture was 

harvested for analysis. Supernatant was removed and stored at -20C for cytokine analysis 

and cells were harvested for flow cytometry. 

 

Assessment of PI3Ki in vivo 

Starting at 10 weeks, DTG mice were treated with PI3K inhibitors at a dose of 0.5mg/kg 

twice a week for 4 weeks.  Mice were age-, but not sex-matched due to strain availability.  
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DTG mice were euthanized at 15 weeks for analysis. Mouse and spleen weight were 

recorded.  Histology samples were taken from the spleen, fixed in 1% PFA, washed with 

PBS, and sent to the University of Maryland Pathology Core for sectioning, mounting, and 

H&E staining.   

 

Cell Death and Proliferation Assays 

MCF-7 and E0771 were plated in flat-bottom 96-well plates with 1, 10, or 20μM of CFM-

4, CFM-5, or a vehicle control.  C1R-CD1d, Jeko-1, and SP-53 were plated in round-

bottom 96-well plates with serial dilutions of PI3K inhibitors, BEZ-235, BYL-719, BKM-

120 or a vehicle.  Cytotoxicity and proliferation were assessed  at 24, 48, and/or 72 hours 

by LDH release into the supernatant using Promega CytoTox96 Non-Radioactive 

Cytotoxicity Assay and metabolism of WST-1 reagent from Takara Clonetech, 

respectively, according to manufacturer’s instructions. 

 

Stimulation of NKT cells by MCF-7 

MCF-7 were pretreated with 10μM CFM-4, CFM-5, or vehicle and/or 100ng/mL α-GalCer 

or vehicle for 4 hours at 37C.  Pre-treated cells were washed with PBS.  For some 

experiments pre-treated cells were fixed in 0.5% PFA and washed with PBS before being 

plated with NKT cell hybridomas for 18-24 hours at 37C with 5% CO2.  IL-2 production 

by activated NKT cells was assessed by mIL-2 ELISA (BD Biosciences). 
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Primary immune cell stimulation cultures 

Human peripheral blood mononuclear (PBMCs) from healthy donors were purchased in 

the form of a buffy coat and isolated using density gradient centrifugation over Ficoll in 

SepMate Tubes (Stem Cell Technologies).  Healthy donor or cancer patient PBMCs, 

expanded human NKT cells, or murine splenocytes were stimulated in round-bottom, 96-

well plates for 48-72 hours.  Stimuli included a medium, M-450 dynabeads (Thermo Fisher 

Scientific) coated with α-CD3 (Mouse: 17A2, BioLegend, Human: OKT3, BioLegend) and 

α-CD28 (Mouse: 37.51, BioLegend, Human: CD28.2, BioLegend), M-450 dynabeads 

(Thermo Fisher Scientific) coated with α-CD28 (Mouse: 37.51, BioLegend) and CD1d 

dimer-X (Mouse or Human, BD Pharmingen) and loaded with α-GalCer, and Phorbol 12-

Myristate 13-Acetat/Ionomycin (PMA/I).  Bead stimuli were created in lab as previously 

described (71,72).  Stimulation experiments optionally included drug treatments including 

PI3Ki and CFM.  BEZ-235, BYL-719, BKM-120, CAL-101, CFM-4 or CFM-5 were used 

at final concentrations of 1μM and 10μM in IMDM or RPMI-1630 based complete media.  

IFN-γ (Mouse and Human, BioLegend), GM-CSF (Human, BioLegend), TNF-α (Human, 

BioLegend) and IL-4 (Mouse, BioLegend) secretion were detected by ELISA.   

 

Expansion of human NKT cells 

After PBMC isolation from buffy coat, NKT cells were enriched using APC-labeled PBS-

57:CD1d Tetramer (NIH Tetramer Core Facility) and EasySep APC Positive Selection Kit 

(StemCell Technologies) and plated in 96-well round-bottom tissue culture plates 

(106/plate).  Cells from the negative fraction were γ-irradiated (3000rad) and plated with 

enriched NKT cells in the presence of 100ng/mL α-GalCer (ratio of 1:5-10, enriched 
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NKT:negative fraction).  100IU/mL hIL-2 was added 1-2 days after plating and culture 

was maintained for 2 weeks.  Expanded hNKT were harvested, transferred to a T25, and 

maintained in 100IU/mL hIL-2 for an additional 1.5 weeks before freezing cell stocks. 

 

Co-culture of PI3Ki-pretreated MCL Cell Lines with human NKT cells 

C1R-CD1d, Jeko-1, and SP-53 cells were pre-treated with PI3K inhibitors (BEZ-235, 

BYL-719, or BKM-120) for 2-4 hours.  After washing to remove excess PI3Ki, cells were 

co-cultured with CAR-NKT cells in the presence of 100ng/mL α-GalCer or vehicle in 

round-bottom 96-well plates.  After 48-72 hours, supernatants were analyzed for secretion 

of IFN-γ (BioLegend or eBioscience), GM-CSF (BioLegend) and Perforin (abcam) by 

ELISA. 

 

CAR-NKT cell production and coculture with PI3Ki pretreated MCL cell lines 

Expanded hNKT cells were re-stimulated with irradiated healthy donor PBMC (ratio of 

1:5-10 NKT:PBMC) in a T25 in the presence of 100ng/mL α-GalCer.  200IU/mL hIL-2 

(Peprotech) were added one day after stimulation.  Three days after stimulation, 

retronectin-coated plates were coated with media (Mock) or retrovirus (RV-GFP or RV-

CAR) by centrifuging with viral supernatant at 4600g for 1 hour at RT.  Media or viral 

supernatant were removed and stimulated NKT cells were evenly divided between wells.  

Media was refreshed as needed.  Two days after transduction, NKT cells were harvested 

and resuspended at 106 cells/mL in complete media with 200IU/mL hIL-2.  Cultures were 

maintained for two days prior to use.  Jeko-1 and SP-53 cells were pre-treated with PI3K 

inhibitors (BEZ-235, BYL-719, or BKM-120) for 2-4 hours.  After washing to remove 
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excess PI3K inhibitor, cells were co-cultured with CAR-NKT cells in the presence of 

100ng/mL α-GalCer or vehicle in round-bottom 96-well plates.  After 24 hours, 

supernatants were analyzed for LDH release (Promega) and secretion of IFN-γ 

(BioLegend), Perforin (Abcam), and TNF-α (BioLegend) by ELISA. 

 

Flow Cytometry 

Cells were stained in staining buffer: PBS containing 0.5% BSA and 2 mM EDTA. For 

surface staining, cells were resuspended in staining buffer with FcBlock to minimize non-

specific staining and incubated at room temperature for 15 minutes. Surface-stain mixture 

(staining reagents used for flow cytometry are listed in Table 2.1) was added to each well 

and incubated at 4C for 1.5 hours or 30minutes at room temperature. Surface-stained cells 

were washed twice with 200μL of staining buffer and resuspended in 200μL staining 

buffer. ICS cells were fixed in 100 μL of BD cytofix/cytoperm for 20 minutes on ice 

followed by 200μL of Thermo Fisher FoxP3 fixation/permeabilization buffer diluted in 

water for 2 hours on ice and then permeabilized by 2 washes with Thermo Fisher FoxP3 

permeabilization wash buffer diluted in water (perm wash). ICS samples were resuspended 

in perm wash with FcBlock to minimize non-specific staining for 10 minutes on ice and 

then ICS stain mixture (included in Table 2.1) was added to each well and incubated for 1 

hour on ice. ICS samples were washed twice with perm wash and once with staining buffer 

then resuspended in 150-200μL staining buffer. Cells were optimally staining in 106 cells 

per 50μL.  However 50μL was the minimum staining volume even if fewer cells were 

stained. Samples were analyzed at the UMGCCC Flow Cytometry Core on the BD Canto 

II, BD LSR II, or Cytek Aurora and data analysis was performed using FCS Express 6 
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Flow Research Edition by de Novo Software or FlowJo Flow Cytometry Software (MCF-

7 CD1d staining only).  

 

Flow Cytometry Gating Strategies 

Three primary gating strategies were used.  The first, involved gating on the cell population 

of interest using FSC-A vs SSC-A followed by analysis of staining markers.  In the second 

gating strategy (displayed in Figure 2.1 and used for thymic NKT cell development 

studies), α-GalCer Tetramer+CD24+ NKT cells were selected after gating on CD45.2+, 

live (Live/Dead-), singlets. NKT cell expression of NK1.1, CD44, Egr2, PLZF, and RORγt 

were examined using dot plots and/or histograms with the following delinations: Stage 1 

(CD44-NK1.1-), Stage 2 (CD44+NK1.1-), Stage 3 (CD44+NK1.1+), NKT1 (PLZFLo, 

RORγt-), NKT2 (PLZFHi, RORγt-), and NKT17 (PLZFInt, RORγt+). 

 

In the third gating strategy (displayed in Figure 2.2 and used for thymic NKT cell 

proliferation assay experiments), α-GalCer Tetramer+TCRβ+ NKT cells were selected 

after gating on CD45.1-CD45.2+, live (Live/Dead-), singlets. NKT cell expression of 

NK1.1, CD44, CFSE or CTV, CD28, CD69, PLZF, and RORγt were examined using dot 

plots and/or histograms. 

 

Determination of NKT precursor proliferation 

To determine precursor proliferation, NKT cell populations were stratified by CFSE 

fluorescence and division bins were created based on intensity peaks. Gate percentages 

were converted into absolute cell counts in Microsoft Excel and the number of precursor 
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cells was determined by dividing by 2i where i equals the number of divisions. The mean 

division number was calculated by excluding undivided precursors and summing all the 

divided precursors multiplied by their division bin and dividing by the total number of 

precursors. 

 

Statistical analyses 

Two-tailed student’s t test, one-way analysis of variance (ANOVA) or two-way ANOVA 

were used as appropriate. Specific experimental groups were compared with controls using 

the Bonferroni posttest. p value less than 0.05 was considered significant. All analyses were 

performed using Prism 5.02 by GraphPad (La Jolla, CA). *** p<0.001, ** p<0.01 and * 

p<0.05.  
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Table 2.1 Reagents used for flow cytometry staining. 
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Figure 2.1 Gating strategy for asessment of NKT cell thymic development and differentiation. 

Figure 2.2 Gating strategy for NKT cell thymocyte proliferation assay. 
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Chapter 3: Individualized genetic polymorphisms modeled in different mouse 

strains affects NKT cell development 1 

3.1 Introduction 

 Like conventional T cells, NKT cells develop in the thymus and possess TCRs 

created by V(D)J recombination.  V(D)J recombination takes genetically encoded sections 

the TCR and splices them together using RAG recombinase with random nucleotides 

inserted by terminal deoxynucleotidyl transferase (TdT), creating two types of diversity: 

combinatorial and junctional.  The α chain undergoes VJ recombination whereas the β 

chain undergoes VDJ recombination. Each TCR chain contains three complementarity 

determining regions (CDRs, also known as hypervariable regions), with CDR3 being the 

most variable and having the strongest impact on antigen recognition.  Although NKT cells 

predominantly use a semi-invariant TCR, VDJ recombination is not directed and still 

includes both junctional and combinatorial diversity with hypervariable CDR3 regions 

(73,74).  NKT cells pass through the four DN stages with β chain rearrangement occurring 

at DN3 and α chain rearrangement occurring at the DP stage.  However, at the DP stage of 

development, they are selected on CD1d-expressing DP cortical thymocytes instead of 

thymic epithelial cells (75).  NKT cell positive selection is characterized as agonistic 

because the TCR signaling is much stronger than that of conventional T cell selection 

(76,77).  As shown in Figure 3.1, NKT cell development is divided into four stages (0 

through 3, in numerical order) (78).  The initial description of stage 3 NKT cells 

characterized them as mature CD44+NK1.1+ cells (12).  Positive selection occurs at stage 

0 (CD4+CD8+HSA+) and is mediated by the CD1d:TCR and SLAM:SLAM interactions 

                                                            
1 Adapted from Shissler et al. Inbred strain characteristics impact innate immune cell development. 
Submitted. 2019. 
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(79).  This causes the upregulation of the transcription factor Egr2 and subsequently the 

NKT cell master transcription factor, PLZF (80,81).  Stage 1 (HSA-CD44-NK1.1-) and 

stage 2 (CD44+NK1.1-) NKT cells were later described (82–84).  NKT cell development 

is characterized by extensive rounds of c-myc-dependent expansion – accounting for their 

high frequency and mature, effector phenotype (85).  Deletion of c-myc using the CD4-

Cre system resulted in a significant reduction in NKT cells, with the remaining NKT cells 

arrested in stage 1 of development which was also significantly reduced (86,87).  This 

defect was not rescued with either Bcl-2 overexpression or inactivation of p21, which 

eliminates the apoptotic and survival signaling implicated by c-myc loss (86,87).  Instead, 

c-myc ablation prevented the proliferative burst that usually occurs immediately following 

positive selection – emphasizing the importance of c-myc induced proliferation on NKT 

cell development and maturation (87) .  NKT cells migrate from the thymus at either stage 

2 or stage 3 of development (88) and become tissue resident cells (89).  
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Figure 3.1 The linear model of NKT cell development. 

Agonist signaling during positive selection induces the upregulation of Egr2 – marking stage 0 

(CD24+CD69+).  PLZF is the upregulated in stage 1 (CD24-CD44-NK1.1-).  The memory marker CD44 is 

upregulated in stage 2 and finally NK1.1 is upregulated in stage 3.  Stage 3 are entirely composed of NKT1 

cells – identified by expression of Tbet.  However, stage 2 contains mature NKT2 and NKT17 cells – 

identified by expression of Gata3 and RORγt, respectively.   
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 Upon exiting the thymus, NKT cells are mature, effector cells, indicating that their 

terminal differentiation occurs during development (78).  Originally, DN NKT cells were 

associated with a more TH1/cytotoxic phenotype while CD4+ NKT cells were thought to 

produce both TH1 and TH2-type cytokines (90–92).  Eventually, NKT cells were shown to 

differentiate into groups mirroring the T helper subsets (NKT1, NKT2 and NKT17) with 

each subset expressing unique genes and transcription factors (93,94) (discussed in 

Chapter 1.2.1).  Although stage 3 was originally thought to represent mature NKT cells, 

stage 2 includes mature NKT2 and NKT17 cells (95–97).  Parallel RNASeq experiments 

from the Kronenberg and Hogquist labs have subsequently indicated that NKT1, NKT2, 

and NKT17 diverge from an NKT precursor (NKTp), rather than branching off during the 

linear NKT cell development model.  In the branching model (visualized in Figure 3.2), 

the NKTp is directly downstream of stage 0 NKT cells.  It is now thought that immature 

NKTp, marked by CCR7 expression, leave the thymus and mature in the periphery and that 

the NKT cells in the thymus are early development or mature thymic resident NKT cells 

(98). In fact, IL-4 secretion by stage 2 NKT2 cells promotes innate-like CD8+ T cell 

development and IgE production (99,100).  However, the factors dictating this 

differentiation are not fully characterized – with many factors implicated, including TCR 

signal strength and cytokine signaling, but few demonstrating dominant effects.  

Assessment of NKT cell differentiation using NKT TCR transgenic mice revealed that 

individual TCRs have subset differentiation preferences with increased TCR avidity 

resulting in increased PLZF expression (101).  Another study probing the impact of TCR 

signaling strength on NKT cell differentiation found increased TCR signal intensity, either 

from increased TCR avidity or altered downstream signaling, results in increased 
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differentiation of NKT2 and NKT17 (102).  Similarly, cytokine signaling can alter NKT 

cell differentiation.  NKT cells in IL-15 or IL-15Rα knockout mice failed to progress to 

stage 3 and exhibited increased cell death.  NKT development in IL-15 and IL-15Rα 

deficient mice was partially rescued by Bim, Bcl-2 or Bcl-xL overexpression.  Indeed, 

when IL-15 was added to the media of thymic NKT cells, Bcl-2 and Bcl-xL were 

upregulated (103,104).  A Shp1 conditional deletion model indicated that dampening of 

IL-2, IL-7, and IL-15 cytokine signaling by Shp1 promotes NKT1 development (105). 

Despite the rigid lines drawn by subset differentiation during thymic development, multiple 

studies have indicated the presence of plasticity during NKT cell activation.  In an ex vivo 

stimulation model, the type and quantity of stimulus altered the cytokines produced by 

NKT cell subsets (106).  In agreement, cytokine production in NKT TCR transgenic mice 

was correlated more with tissue of origin than by subset (101).  
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Figure 3.2 The branching model of NKT cell development. 

After positive selection, NKT cells upregulate Egr2 and CD69 – marking stage 0.  They then progress into 

an NKT precursor (NKTp) phase marked by CCR7 expression.  The NKTp then differentiates into NKT1, 

NKT2, and NKT17 – delineated by transcription factor expression. 
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3.2 Rationale for this study 

 As discussed in the introduction (Chapter 1.3.1) multiple mutations are required 

to develop the hallmarks of cancer – including immuno-evasive properties. Indeed in 

people with heritable mutations predisposed to oncogenesis, it is therefore possible that 

some mutations would also lower the immune responses (in addition to driving 

uncontrolled proliferation). We therefore hypothesized that heritable mutations in the 

breast-cancer susceptibility locus, namely BRCA-1, could, in addition to driving 

tumorigenesis, alter the NKT cell population.  This was supported by correlative studies in 

cancer patients, showing that breast cancer patients had a lower percentage of peripheral 

blood NKT cells.  Importantly, as shown in Figure 3.3, healthy individuals with BRCA 

mutation also had reduced NKT cell percentages compared to healthy donor controls – 

indicating that BRCA mutations could have a negative impact on NKT cell populations 

prior to tumorigenesis, impairing cancer immunosurveillance.   

 BRCA1 encodes a tumor suppressor protein that functions, in part, as a caretaker 

gene in preserving chromosomal stability (107,108). Mutations in BRCA1 account for the 

majority of hereditary breast cancer and predominantly result in truncation of the BRCA-

1 protein (109,110). Due to the importance of BRCA-1 in DNA damage repair, complete 

knockout is embryonically lethal and studies investigating the effects of BRCA-1 mutation 

have largely used conditional deletions or mutations (111).  An immunological role for 

BRCA-1 has already been hinted upon. Previous studies have shown that conditional 

deletion of BRCA-1 exons 5 and 6 under the Lck promoter resulted in disruption of T cell 

lineage development due to increased apoptosis and decreased proliferation (112).  Given 

that VDJ recombination was not impaired and that backcrossing this conditional mutant 
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onto backgrounds that suppressed apoptosis (Bcl-2 overexpression) or the DNA damage 

response (p53 KO) restored the T lineage (112), this study suggests that BRCA-1 promotes 

the T cell lineage by suppressing apoptosis.  Another group observed normal T cell 

development when BRCA-1 exon 11 was conditionally excised under the MMTV (mouse 

mammary tumor virus)  promoter (113).  In this model, when Cre is expressed by activation 

of the MMTV promoter, exon 11 is excised, producing a shortened form of BRCA-1 (67).  

Although the MMTV promoter was expected to restrict expression to the mammary tissue, 

it is known that this promoter is leaky and results in excision of exon 11 in most tissues, 

including lymphoid tissue (67,114,115). Human BRCA-1 mutations are frequently located 

in exon 11, thus, we used this model to examine NKT cell development (110).  As shown 

in Figure 3.4, exon 11 of BRCA-1 coordinates many of the protein-protein interactions 

required for BRCA-1 mediated DNA repair and cell cycle arrest.  This mouse model had 

been backcrossed onto C57BL/6 and then maintained for several years by inbreeding.  

While T cell development appeared normal, we observed a significant decrease in and 

phenotypic alteration of NKT cells in the thymus and in the periphery in these BRCA-1 

mutant mice, compared to C57BL/6. Due to the reliance of NKT cells on c-myc for 

development, we hypothesized that the NKT cell population in BRCA-1 mutant mice was 

decreased due to increased c-myc activity resulting in reduced proliferation or activation 

induced cell death.  The characterization of this phenotype constitutes the first part of this 

chapter.  
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Figure 3.4 Exon 11 facilitates many protein-protein interactions. 

Schematic of BRCA-1 structure and function.  BRCA-1 mediates DNA repair and cell cycle arrest after 

DNA damage.  Exon 11 is very important for BRCA-1 function due to the many protein-protein 

interaction motifs and nuclear localization sequences contained within it. 
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Figure 3.3 Breast cancer patients and healthy individuals with BRCA mutation have significantly 

fewer NKT cells. 

NKT cell percentage in PBMCs was assessed by flow cytometry staining for CD3 and α-GalCer:CD1d 

Tetramer or Vα24.  Statistical significance was determined by ANOVA followed by Bonferroni post test. *, 

p<0.05 
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3.3 Summary of major findings 

 The original BRCA-1 mutant strain was in a mixed background of FVB/N and 

C57BL/6 and so, we decided to re-establish this on a C57BL/6 background to provide a 

better controlled experimental model.  Surprisingly, the phenotype was lost when we 

compared F3 wildtype and BRCA-1 mutant littermates – suggesting that strain background 

and not BRCA-1 mutations itself influenced NKT development. We therefore compared 

thymic NKT cell populations in C57BL/6 and FVB/N mice.  Although, FVB/N mice lack 

Vβ8, we observed a striking increase in the total number of NKT cells and skewing of the 

NKT cell population to NKT2/17.  Taken together, our data demonstrate the profound 

effect genetics can have on NKT cell subset differentiation and further suggest that 

outcomes observed when investigating different diseases in specific mouse strains may be 

differentially affected by the immune cell composition and subsequent skewing of the 

cytokine profile. 
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3.4 Results 

3.4.1 NKT cells are reduced and phenotypically altered in BRCA-1 mutant mice 

compared to C57BL/6 

 Exon 11 of BRCA-1 ensures genomic integrity by transducing signals to arrest the 

cell cycle and initiate DNA repair (108). Here, we hypothesized that BRCA-1, through its 

regulation of c-myc (116), affects NKT cell development. To determine if mutations in 

BRCA-1 have an effect on NKT cell development, we utilized MMTV-Cre;BRCA-1fl/fl 

mice, a well-characterized, clinically relevant model (117), and compared their NKT cell 

populations to those in C57BL/6 mice. When we examined the thymus, liver, and spleens 

of BRCA-1 mutant mice, we found that the NKT cell population was significantly reduced 

(Figure 3.5), compared to wildtype control mice. Typically, NKT cells make up 30-40% 

of the T cells in the liver of C57BL/6 mice and the NKT cells make up 1-2% of the 

mononuclear population in the spleen. Strikingly, there was a ~60% decrease in the thymus, 

and 50% reduction in the liver. Similarly, the population in the spleen was only 0.42%, 

which represents a 50% reduction in NKT cells. These data demonstrate that MMTV-

Cre;BRCA-1fl/fl mice have a significantly reduced population of NKT cells compared to 

C57BL/6 mice. 

 BRCA-1 mutant mice have reduced populations of NKT cells prior to 

tumorigenesis in primary lymphoid organs (thymus) and secondary lymphoid organs 

(spleen and liver) (Figure 3.5).  The reductions in the thymic population led us to examine 

NKT cell development.  NKT cell developmental stages can be discerned based on 

expression of CD44 (stage 2) and NK1.1(stage 3) (78). We found that thymic NKT cells 

from BRCA-1 mutant mice are significantly restrained in stage 2 of development with very 
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few progressing to stage 3 (Figure 3.6).  Based on the known patterns of NKT cell 

development (Figure 3.2) we hypothesized that BRCA-1 mutant mice were specifically 

lacking NKT1 cells. 

 Studies from the Hogquist lab have indicated NKT cell development can be 

affected by strain differences (99). In order to confirm that the MMTV-Cre;BRCA-1fl/fl 

mice were on the C57BL/6 background, tail snips were sent to Dartmouse for genetic 

analysis by genotyping 5,307 SNPs.  It was determined that the mice were only ~40% 

C57BL/6 (Figure 3.7).  Analyses of individual single nucleotide polymorphisms indicated 

that there were large regions that were homozygous non-B6-like (Figure 3.7).   

This raised a serious concern, since in independently segregating loci within a mixed 

background mice, it is difficult to control for the effects of the mutation versus confounding 

factors from the background. In order to minimize this confounding factor, we 

reestablished the model using BRCA-1fl/fl mice that had been backcrossed onto B6 for 10 

generations.  These mice were crossed with MMTV-Cre mice for two generations in order 

to obtain mice with BRCA mutations (BRCA-1Δ11/Δ11) and the proper littermate controls 

(BRCA-1fl/fl) (Figure 3.8). Interestingly, MMTV-Cre segregated with coat color in this 

mice.   
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Figure 3.5 The NKT cell compartment is reduced in BRCA-1 mutant mice compared to C57BL/6 mice.  

Thymocytes, splenocytes and liver mononuclear cells were harvested from 2-month old C57BL/6 wildtype 

(WT, n=2) and BRCA-1 mutant (MMTV-Cre;BRCA-1fl/fl, n=4) mice. Cells were stained with α-CD3ε and 

α-GalCer loaded tetramer. Average percentage of NKT cells and absolute cell numbers were calculated using 

cell counts and gating percentages.  Data from one representative experiment of >5 is shown.  Statistical 

significance was determined by t test. p<0.05 

Figure 3.6 The NKT cell compartment is phenotypically altered in BRCA-1 mutant mice compared to 

C57BL/6 mice. 

Thymic cells were stained with α-CD3ε and α-GalCer-loaded CD1d tetramer to gate on total NKT cells and 

then the developmental stages were stratified by staining with α-CD44 and α-NK1.1.  Average percentage of 

stage 1, 2, and 3 NKT cells and absolute cell numbers were calculated using cell counts and gating 

percentages.  Statistical significance was determined by t test. p<0.05 
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Figure 3.8 Breeder schematic for re-

establishing the BRCA-1 mutant mouse 

strain. 

Figure 3.7 BRCA-1 mutant mice are significantly different from C57BL/6 mice genetically. 

Tail snips from BRCA-1 mutant mice were sent to DartMouse Lab for analysis of 5,307 SNPs and 

comparison to control strains.  The DartMouse genetic comparison for two BRCA-1 mutant mice are 

displayed as a bar graph and an example SNP map.    
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3.4.2 NKT cell levels are similar between BRCA-1Δ11/Δ11 and BRCA-1fl/fl littermate 

controls  

 After re-establishing the BRCA-1 mutant model to have a homogeneous 

background with littermate controls, we assessed the NKT cell populations.  Unfortunately, 

when we compared mice with BRCA-1 mutations (BRCA-1Δ11/Δ11) to BRCA-1fl/fl 

littermate controls, we detected no significant differences in percentage or absolute count 

of NKT cells, defined as CD24-, α-GalCer:CD1d Tetramer+ (Figure 3.9).  When we 

assessed the stage of NKT cell development by stratifying CD24- NKT cells with CD44 

and NK1.1 expression, we found that the drastic alterations in the stages of NKT cell 

development observed in the original mouse model were no longer present (Figure 3.10).  

Moreover, when we assessed thymic NKT cell subset differentiation based on PLZF and 

RORγt expression, we observed no significant differences between NKT1, NKT2, or 

NKT17 cells (Figure 3.11).   

 NKT cells are known to undergo high levels of proliferation during development 

(86). As discussed in the introduction, studies using myc deletion have already highlighted 

the importance of this proliferative phase.  In order to test whether BRCA-1 mutation 

impacted the proliferation of thymic NKT cells, we developed a dye-based proliferation 

assay.  In this assay, splenocytes loaded with vehicle or α-GalCer were used as feeder cells 

and co-cultured with thymocytes that had been enriched for NKT cells by depletion of cells 

expressing CD24 and CD8.  α-GalCer stimulation resulted in similar levels of expansion 

in both groups at 48 and 72 hours (Figure 3.12).  These data suggest that strain differences 

accounted for the variations in the NKT cell population observed in the original mouse 

model, rather than functional BRCA-1 expression.    
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Figure 3.10 NKT cell stages of development in BRCA-1 mutant mice are the 

same as controls. 

Thymic cells were extracted from 1-2 month-old mice (n=2/group) and were 

stained for CD24-, CD1dTet+ NKT cells and then stratified into stages by 

expression of NK1.1 and CD44. The percentage and absolute cell count of stage 

1, stage 2, and stage 3 NKT cells. Statistical significance was determined by t test. 

Figure 3.9 BRCA-1 mutant mice do not have 

reduced NKT cell populations compared to 

littermate controls. 

Thymic cells were extracted from 1-2 month-old mice 

(n=2/group) and were stained for CD24-, CD1dTet+ 

NKT cells. The percentage and absolute cell count of 

CD24- NKT cells. Statistical significance was 

determined by t test. 
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Figure 3.12 BRCA-1 mutant NKT cell proliferation is the same as littermate controls. 

Thymic NKT cells were stimulated for 48-72 hours with vehicle or α-GalCer loaded splenocytes and then 

stained for NKT cells (TCRβ+, CD1dTet+). Proliferation was assessed by CTV dilution. The percentage of 

NKT cells in each division bin for 48 and 72 hours. Statistical significance was determined by t test.   

Figure 3.11 Subset distribution of thymic NKT cells in BRCA-1 mutant mice 

are the same as littermate controls. 

Thymic cells were extracted from 1-2 month-old mice (n=2/group) and were 

stained for CD24-, CD1dTet+ NKT cells and then stratified subsets by expression 

of PLZF and RORγt. The percentage and absolute cell count of NKT1, NKT2, 

and NKT17 cells. Statistical significance was determined by t test. 
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3.4.3 FVB/N mice have higher levels of NKT cell levels compared to C57BL/6 and 

MMTV-Cre background mice 

 In an effort to retrace the initial phenotype, we looked into the breeding history of 

BRCA-1 mutant mice.  MMTV-Cre mice originally created in FVB/N mice – most likely 

due to their optimal characteristics for transgene insertion, namely large pronuclei and large 

litters.  Given the proximity in publication of the MMTV-Cre mice (1997) and the initial 

characterization of BRCA-1 mutant mice (1999 – in a model that takes 1-2 years to develop 

cancer) and the fact that when they arrived at Jackson Labs in 2001 they had only been 

backcrossed three times, the MMTV-Cre mice used to generate the BRCA-1 mutant mice 

would have been primarily FVB/N. Thus, we compared thymic NKT cell populations in 

C57BL/6 mice to FVB/N and the BRCA-1 mice crossed with MMTV-Cre.  While the 

MMTV-Cre mice had significantly reduced NKT cells compared to C57BL/6, FVB/N mice 

had significantly higher levels of NKT cells compared to the other strains (Figure 3.13).   

 When we stratified the developmental stages based on expression of CD44 and 

NK1.1 (Figure 3.14), we found that MMTV-Cre background mice had a significantly 

higher proportion of cells in stage 2 than C57BL/6, although the majority of cells were still 

in stage 3.  In contrast to C57BL/6, FVB/N mouse NKT cells were primarily in stage 2 of 

development (Figure 3.14) – similar to the original BRCA-1 mutant mouse model (Figure 

3.6). We examined NKT cell subset differentiation based on expression of the transcription 

factors PLZF and RORγt and found that MMTV-Cre background mice did not have 

significantly different subset differentiation from C57BL/6 mice (Figure 3.15).  

Conversely, FVB/N mice had a significantly higher percentage of NKT2 and NKT17, 

compared to C57BL/6 and MMTV-Cre background mice (Figure 3.15).  Although FVB/N 
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mice had a significantly lower percentage of NKT1 cells, they had a significantly higher 

absolute cell count of NKT1, NKT2, and NKT17 due to the large size of the thymus and 

overall greater cellularity (Figure 3.15). 
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Figure 3.14 FVB/N mice have increased stage 2 NKT cells compared to C57BL/6 and MMTV-Cre 

background mice. 

Thymic cells from mice 1-2 months of age were stained for CD24-, CD1dTet+ NKT cells and then stratified 

into stages by expression of NK1.1 and CD44. The percentage and absolute cell count of stage 1, stage 2, 

and stage 3 NKT cells are displayed. C57BL/6 (n=4), FVB/N (n=4), BRCA-1fl/fl (n=7), BRCA-1Δ11/Δ11 

(n=4). Statistical significance was determined by One-way ANOVA and Bonferroni post-test *** p<0.001, 

** p<0.01 and * p<0.05. 

Figure 3.13 FVB/N mice have a significantly increased NKT cell population 

compared to C57BL/6 or MMTV-Cre background mice. 

Thymic cells from mice 1-2 months of age were stained for CD24-, CD1dTet+ NKT 

cells.  The percentage and absolute cell count of CD24- NKT cells are displayed. 

C57BL/6 (n=4), FVB/N (n=4), BRCA-1fl/fl (n=7), BRCA-1Δ11/Δ11 (n=4). Statistical 

significance was determined by One-way ANOVA and Bonferroni post-test *** 

p<0.001, ** p<0.01 and * p<0.05. 
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Figure 3.15 FVN/B have significantly more NKT1, NKT2 and NKT17 cells that C57BL/6 and MMTV-

Cre background mice. 

Thymic cells from mice 1-2 months of age were stained for CD24-, CD1dTet+ NKT cells and then stratified 

into subsets by expression of PLZF and RORγt.  The percentage and absolute cell count of NKT1, NKT2, 

and NKT17 cells are displayed. C57BL/6 (n=4), FVB/N (n=4), BRCA-1fl/fl (n=7), BRCA-1Δ11/Δ11 (n=4). 

Statistical significance was determined by One-way ANOVA and Bonferroni post-test *** p<0.001, ** 

p<0.01 and * p<0.05. 
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3.4.4 FVB/N NKT cells do not express Vβ8, have lower CD1d expression, and higher 

Egr2 expression 

 The increased population of NKT cells in FVB/N mice is striking, given that they 

have been reported to be Vβ8 deficient (118).  In agreement, we did not detect Vβ8.1/2 

expression; however, the mice express Vβ7 and Vβ2 (Figure 3.16), which are important 

for invariant, type 1 NKT cells. It has been previously reported that decreased expression 

of CD1d in CD1d +/- mice increases usage of Vβ7 in mature NKT cells (119). Interestingly, 

we found that FVB/N double positive thymocytes expressed significantly less CD1d 

(Figure 3.17) – potentially facilitating the selection of Vβ7+ NKT cells.  There is an 

established correlation between TCR signal strength, Egr2 expression, and NKT subset 

differentiation (102). We assessed Egr2 expression in FVB/N and C57BL/6 mice (Figure 

3.18).  In agreement with prior literature, NKT2 and NKT17 had higher Egr2 expression 

than NKT1.  Strikingly, Egr2 expression was significantly higher in FVB/N mice in both 

NKT2 and NKT17 cells (Figure 3.18). 
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Figure 3.18 FVB/N NKT2 and NKT17 have higher Egr2 expression than their C57BL/6 counterparts. 

Thymic NKT cells from C57BL/6 (n=3) and FVB/N (n=3) were stratified by subset and then Egr2 expression 

was examined.  Geometric MFI of Egr2 expression is displayed. Statistical significance was determined by t 

test *** p<0.001, ** p<0.01 and * p<0.05. 

Figure 3.17 FVB/N double positive thymocytes have lower CD1d expression 

than C57BL/6. 

CD1d expression was examined on double positive thymocytes from 1-2 month 

old FVB/N (n=3) and C57BL/6 (n=3) mice and MFI was graphed. Statistical 

significance was determined by t test *** p<0.001, ** p<0.01 and * p<0.05. 

Figure 3.16 NKT cells from FVB/N mice lack the 

expression of Vβ8. 

Thymic NKT cells from 1-2 month old FVB/N mice 

(n=3) were stained for β chain expression. 
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3.5 Discussion 

 Our results are in agreement with other groups that have demonstrated in a panel of 

inbred mouse strains that NKT cell numbers were highly variable (120).  In one study that 

examined six different commonly used inbred strains of mice (C57BL/6, NOD, DBA2, 

CBA, 129, and Balb/c), it was determined that mice of a similar age showed variability in 

the frequency of total thymic iNKT cells (99).   Herein, we present evidence demonstrating 

that the phenotype observed in the original BRCA-1 mutant mice was due to 

polymorphisms related to the background strain -  most likely FVB/N.  Moreover, we show 

that NKT cells from mice on an MMTV-Cre background (F3) are significantly different 

from C57BL/6 and FVB/N.  Specifically, we detected differences in the overall percentage 

of NKT cells; there were fewer in MMTV-Cre background and more in FVB/N, compared 

to C57BL/6.  In addition, FVB/N mice have significantly altered NKT cell subset 

differentiation.  There was an increase in NKT2 and NKT17, and decreased NKT1 

compared to C57BL/6.  These differences in NKT cell subset differentiation suggested that 

there may also be differences in developmental signalling cues during selection perhaps 

due to alterations in the expression of endogenous antigens or in the cytokine milieu as a 

results of strain background polymorhpisms.  

 TCR composition has been shown to affect NKT cell selection, development, and 

differentiation (121). In a previous study investigating the mechanisms accounting for the 

Vβ8, Vβ7, and Vβ2 bias in murine NKT cells, it was found that α-GalCer was recognized 

by a broader set of Vβ chains, including the traditional Vβ8, Vβ7, and Vβ2, but also Vβ6, 

Vβ9, Vβ10, and Vβ14 (122).  Due to a germline deletion, FVB/N mice lack Vβ8 which 

usually composes 50-60% of C57BL/6 NKT cells (123).  It is thought that Vβ8, Vβ7, and 
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Vβ2 form the optimal TCR for recognition and selection of endogenous ligands.  However, 

based on our data showing that  FVB/N have a much higher number of α-GalCer tetramer+ 

NKT cells, and only 70-80% are Vβ7 and Vβ2, there may be other Vβ chains that are 

potentially useful for the recognition of lipid antigens.  We also observed decreased CD1d 

expression on double positive thymocytes. In C57BL/6 mice, decreased CD1d altered Vβ 

usage to favor Vβ7 (119).  

 Recently the Hogquist lab published a study demonstrating that some NKT cells 

may remain in an undifferentiated precursor stage (NKTp) that leaves the thymus and 

differentiates in the periphery (98). Each immature stage is marked by a vigorous, c-Myc-

driven round of expansion that is necessary to produce mature, stage 3 NKT cells in the 

periphery (87). We were initially interested in exploring the dynamics of this c-Myc driven 

expansion due to the relationship between BRCA-1 and c-Myc (116).  However, genetic 

differences in the activity of proteins involved intracellular signalling have been shown to 

impact NKT differentiation.  A recent study by the Kronenberg and Mallevaey groups 

examined the role of src homology 2 domain– containing phosphatase 1 (Shp1) on NKT 

cell development and function using a T cell–specific Shp1 deletion (105). Although 

Shp1fl/fl CD4-cre mice had normal numbers of NKT cells, they observed a cell-intrinsic 

bias toward iNKT2 and iNKT17 cells in the thymus. Mechanistically, it was found that 

Shp1 regulated NKT cell proliferation in response to cytokines, specifically IL-2, IL-7, and 

IL-15.  TCR signalling has also been demonstrated to affect NKT differentiation with 

increased TCR signalling results in increased Egr2 expression – thus NKT2 cells have the 

highest Egr2 expression.  Concomitantly, decreased Zap70 activity led to a decrease in 

Egr2 expression and an increase in NKT1 populations (102).  We examined Egr2 
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expression and found that FVB/N NKT2 and NKT17 cells had increased Egr2 expression 

compared to their C57BL/6 counterparts.  These data suggest that genetic differences that 

lead to changes in response to cytokines or TCR signalling may also dictate NKT cell 

development and differentiation. 

 Importantly, our results demonstrate the drastic repercussions of strain background 

on immunology.  This is especially important in the field of cancer immunotherapy – where 

cell types can be hailed as cancer permissive or cancer killing depending on the mouse 

model used. Genetically engineered cancer models are powerful tools for studying cancer 

and more recently cancer immunosurveillance and immunotherapy (124).  FVB/N mice in 

particular were commonly used for producing transgenic mouse models due to their large 

pro-nuclei and large litter size (125). Unfortunately, these models are plagued by not only 

strain crosses to incorporate additional mutations and enhance tumorigenesis, but also 

maintenance by inbreeding that allows drift away from control animals. For extensively 

inbred and crossed models, re-designing the breeding scheme to produce littermate controls 

is imperative.  
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Chapter 4: Thymic NKT cell subsets show differential requirements for CD28 co-

stimulation during activation and proliferation2 

4.1 Introduction 

 Naïve T cells conventionally require three signals for effective activation.  Signal 

1 results from TCR: antigen-MHC engagement, Signal 2 from co-stimulatory molecules, 

and Signal 3 via cytokine stimulation.  In conventional αβ T cells, Signal 1 and 2 are 

required for initial activation while Signal 3 directs the differentiation and maintenance of 

the immune response (126,127). In this section we examine the importance of Signal 2 for 

Type I NKT cell activation and function in the context of anti-tumor immunity.  Signal 2 

can provide multiple types of signals, including positive/stimulatory (co-stimulatory) and 

negative/inhibitory (co-inhibitory), to influence the type of response.  These receptors are 

dividing into two primary families: the CD28/B7 family and the TNF receptor superfamily 

(TNFRSF).  The CD28/B7 family members are composed of immunoglobulin domains 

while the TNFRSF members have cysteine-rich extracellular domains (126).  The effects 

of a broad range of co-stimulatory receptors on NKT cell biology are summarized in 

Figure 4.1.  Due to the innate-like qualities of NKT cells, it was at one time contested how 

whether co-stimulatory and co-inhibitory signals affected NKT cell activation.  While it is 

now clear that costimulation has an impact on NKT cell development and function, many 

of these studies were completed prior to the division of NKT cells into subsets. 

 

  

                                                            
2 Adapted from Shissler et al. Thymic NKT cell subsets show differential requirements for CD28 co-
stimulation during activation and proliferation Submitted. 2019. 
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Figure 4.1 Second signals provided by co-receptors influence NKT cell biology.  

Stimulatory (+) pathways result in homeostatic survival and enhanced activation, cytokine production, 

expansion, and cytotoxicity. These positive signals come from CD44, CD161, OX40, 4-1BB, ICOS, CD40L, 

and CD28. Inhibitory (−) signaling can result in cell death and inhibition of iNKT cell activation. Receptors 

that have shown negative signaling effects include programmed death (PD)-1, B and T lymphocyte attenuator 

(BTLA), and lymphocyte activation gene (LAG-3). The impacts of co-receptors, such as T cell 

immunoglobulin mucin (TIM), CD155, CTLA-4, OX40, and GITR, are not settled in the literature and are 

indicated by a +/− symbol. Some co-receptors, such as CD40L, selectively skew the immune response. 

 
Reprinted by right of authorship and with permission of Creative Commons Attribution License (CC BY).  

Shissler, Lee, and Webb.  Frontiers in Immunology, 2017: 8. 
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4.2 Rationale for study 

 As described in Chapter 1.2.1 and detailed in Chapter 3.1, NKT cells differentiate 

into mature effector cells during thymic development (128–131). Therefore, type I NKT 

cells can be further divided into 3 subtypes that mirror the T helper subtypes including 

NKT1, NKT2, and NKT17 (132). These subsets are primarily identified by differences in 

the levels of PLZF expression (99) following differentiation signals in the thymus 

including TCR engagement (133). In C57BL/6 mice, this hierarchy is defined by the levels 

of NK1.1 and PLZF as, NK1.1+ stage 3 NKT cells correspond to NKT1 and NK1.1- stage 

2 NKT cells encompass NKT2 and NKT17 (78,99,131). Recent studies have indicated that 

in addition to developing in the thymus, a proportion of mature NKT cells maintain 

residency in the thymus where they impact the thymic environment; thus, the thymus is an 

extremely important immunological niche for NKT cells (98,99). However, the activation 

parameters of these subsets are incompletely defined. 

 We were particularly interested in the effect of CD28 and CTLA-4 signaling on 

thymic NKT cell activation. In the canonical CD28 axis, B7 molecules (CD80/CD86) 

expressed by antigen presenting cells interact with CD28 on T cells leading to the delivery 

of an activating signal which promotes the proliferation, survival and differentiation of T 

cells. CTLA-4 either limits co-stimulation by competing with CD28 for B7-engagement or 

delivering a negative co-inhibitory signal (134). CD28 is constitutively expressed on NKT 

cells (72,135). Thymic NKT cell populations are decreased in mice lacking CD28 or 

CD80/86 (136,137) and with overexpression of CD28 or CD86 (138). Interestingly, thymic 

NK1.1+ NKT cells were the most significantly affected (137,138). Although peripheral 

populations may be reduced initially, they appear to normalize with age, indicating CD28 
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may not be involved in homeostatic proliferation (136,138). Nevertheless, blockade or KO 

of CD28 or CD80/86 reduces proliferation (31,137), and production of IFN-γ and IL-4 by 

these cells, with a stronger effect on IL-4 production (135–137). Blockade of PD-1 in CD28 

KO mice enhances IFN-γ secretion, but not to WT levels (136). Concordantly, ex vivo 

stimulation and expansion of primary human or murine NKT cells using artificial antigen 

presenting cells is enhanced by inclusion of anti-CD28 mAb (72). CTLA-4 ligation 

typically results in co-inhibitory signals, but a study from the Taniguchi lab indicated that 

CTLA-4 blockade of NKT cells from Vα14-Tg mice inhibited NKT cell proliferation (31). 

Taken together, although the consequence of CD28 and CTLA-4 engagement on subsets 

of mature, type 1 NKT cells during activation, remain unclear, it is generally believed that 

costimulation with CD28 is supportive, but not required for thymic NKT cell development. 
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4.3 Summary of major findings 

 Herein, we find that thymic NKT cells have subset-specific requirements for CD28 

stimulation – with distinct requirements for proliferation of NKT cells versus the 

upregulation of PLZF. We probed the CD28 axis using CD80/86 blockade or CTLA-4 

ligation (experimental conditions outlined in Table 4.1) with an optimized ex vivo thymic 

NKT proliferation assay. We found that while co-inhibitor signals from CTLA-4 do not 

significantly affect NKT cell activation and proliferation, CD80/86 blockade differentially 

impacts distinct stages of NKT cells. While proliferation of both NK1.1- and NK1.1+ NKT 

cells is decreased by CD28 blockade, inhibition of CD28 also restrained more NK1.1+ 

NKT cells in the undivided population. PLZF was upregulated in undivided NK1.1- NKT 

cells despite CD28 blockade. Collectively, these data indicate that CD28 signals play a role 

in thymic type 1 NKT cells, distinct from that previously observed for bulk peripheral NKT 

cells. 
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Table 4.1 Experimental design to assess the impact of CD28 and CTLA-4 thymic NKT cell activation. 
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4.4 Results 

4.4.1 Enrichment of mature thymic NKT cells by negative selection maintains subset 

composition and phenotype.  

 Type I NKT cells typically make up 0.2-1.5% of thymic lymphocytes and can be 

subdivided into multiple fractions, due to expression of specific cell surface markers and 

transcription factors (99). To obtain a substantial number of NKT cells, enrichment is 

necessary (Figure 4.2). Prior literature examining distinct populations of NKT cells 

utilized fluorescence activated cell sorting (FACS) prior to stimulation (106,139). Such 

approaches involving positive labeling of NKT cells is confounded by modification of T 

and NK cell markers and their activated, effector phenotype. In addition to potentially 

inducing activation, positive selection using the TCR has been shown to skew NKT cell 

subsets towards NKT2 (140). Instead, negative selection by depletion of CD24+ and CD8+ 

thymocytes enriches NKT cells ~10 fold (Figure 4.3). This method specifically enriches 

mature thymic NKT cell populations because it will deplete NKT cells undergoing positive 

selection (which express CD8) and stage 0 NKT cells (which express CD24). Importantly, 

depletion of CD8 and CD24 does not significantly alter the proportion of stage 2 and stage 

3 NKT cells (Figure 4.4). These data agree with a recently published protocol for NKT 

enrichment by CD24 depletion (140). These enriched cells can then be loaded with a 

proliferation dye, such as CFSE or Cell Trace Violet (Figure 4.2) for further analysis. 

 In order to assess NKT cell responses to antigenic stimulation, we used syngeneic 

splenocytes as feeder cells (Figure 4.2), which provides a more physiological stimulation, 

compared to plate-bound or bead-based stimulations. To ensure that the target cells can be 

differentiated from the feeder cells, we used congenic CD45 markers (NKT cells derived 
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from CD45.2+ B6 mice, while the feeder cells were F1s expressing both CD45.1 and 

CD45.2). Splenocytes were loaded with antigen (α-GalCer) or vehicle control overnight. 

Enriched thymic NKT cells and antigen-loaded feeder cells were co-cultured at a 1:1 ratio 

(Figure 4.2). By 48 hours, clusters of proliferating cells were visible under a light 

microscope in the wells containing α-GalCer-loaded splenocytes (data not shown). Co-

cultures were maintained 72 hours and then harvested for flow cytometric analysis to assess 

proliferation (Figure 4.2). Cells harvested at 48 hours will have completed up to 5 rounds 

of expansion (data not shown), whereas cells harvested at 72 hours will have reached up to 

8 divisions (Figure 4.2). 
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Figure 4.4 NKT cell enrichment by depletion of cells expressing CD8 

and CD24 does not impact the distribution of stage 2 and stage 3 

NKT cells. 

NKT cell populations (αGC:CD1d Tetramer+TCRβ+) pre- and post-

enrichment subdivided into stage 2 (CD44+ NK1.1-) and stage 3 

(CD44+NK1.1+). The percentage of stage 2 and stage 3 NKT cells pre- 

and post-enrichment is displayed.  Data correspond to mean +/- SEM of 

3 biological replicates. Statistical significance determined by student’s t 

test. 

Figure 4.2 Schematic of NKT cell thymocyte proliferation assay. 

Figure 4.3 Depletion of cells expressing CD8 and CD24 

enriches for thymic NKT cells. 

NKT cell populations (αGC:CD1d Tetramer+TCRβ+) pre- 

and post-enrichment with unloaded tetramer shown as a 

control. 
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4.4.2 Thymic NKT cell expansion is CD28 dependent and not inhibited by CTLA-4 

 We used a monoclonal antibody (detailed in Table 4.1) in conjunction with the 

proliferation assay described above to characterize the effects of CTLA-4 blockade on 

thymic NKT cells. Representative flow plots of the NKT cell population after the 3-day 

co-culture are displayed in Figure 4.5. As expected, the addition of α-GalCer significantly 

increased the percentage of NKT cells (8.6 fold, Veh to α-GalCer; p<0.0001) (Figure 4.5) 

as well as their absolute number (16.7 fold, Veh to α-GalCer; p<0.0001) (Figure 4.5).  

 We then combined this system with a blocking antibody against CTLA-4 (134). 

Blocking CTLA-4 by addition of excess α-CTLA-4 did not significantly alter NKT cell 

expansion, neither the percentage (Figure 4.6) nor absolute cell number (Figure 4.6) (α-

GalCer to α-GalCer+α-CTLA-4; n.s.). We then asked if triggering inhibitory signals via 

CTLA-4 could impair NKT cell proliferation. Towards this end, we used an approach 

similar to a previously validated method to trigger CTLA-4 by crosslinking (141). CTLA-

4 activation by the addition of α-CTLA-4 and a crosslinking secondary Ab (α-Hamster 

IgG) did not significantly impact NKT cell growth (Figure 4.7, percentages or absolute 

numbers) compared to control (α-GalCer+Iso+secondary to α-GalCer+α-CTLA-

4+secondary; n.s.). NKT cell fold expansion was calculated by comparing the total number 

of thymic NKT cells plated to the total number of thymic NKT cells harvested after the 3-

day co-culture. Stimulation with α-GalCer resulted in a significantly higher fold expansion 

(5.5 fold ± 1.2, Veh to α-GalCer; p<0.0001, Figure 4.5) and was not affected by blocking 

or activating CTLA-4 (Figure 4.6 and Figure 4.7, α-GalCer to α-GalCer±Iso±α-CTLA-

4±secondary; n.s.). Taken together, these data indicate that thymic NKT cells are resistant 

to CTLA-4 blockade or ligation with regard to the control of their proliferative burst. 
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Importantly, as discussed in the introduction, these results differ from prior literature on 

peripheral (splenic) NKT cells from Vα14Tg mice (31), suggesting that thymic NKT cells 

derived from unmanipulated C57BL/6 mice behave quite differently. 

 The lack of a direct consequence of CTLA-4, now allowed us to examine the 

requirement for CD28 co-stimulation using a reagent (soluble mouse CTLA-4-Ig) that 

binds CD80/86 with high affinity and prevents both CD28 and CTLA-4 engagement (142) 

and therefore inhibits T cell proliferation. Treatment with mCTLA-4-Ig abrogated the 

proliferative burst typically triggered by α-GalCer from NKT cells. These NKT cells failed 

to expand - as observed by percentage, absolute cell number, and fold expansion (Figure 

4.8) (Veh to α-GalCer+mCTLA-4-Ig+α-CTLA-4±Secondary; n.s.). Importantly, we 

performed the CD80/86 blockade in conjunction with α-CTLA-4 with or without the 

secondary Ab. Given that no effects are observed by treatment with α-CTLA-4 in the 

presence or absence of the secondary Ab, we can conclude that the suppression observed 

in the mCTLA-4-Ig treatments is due to the prevention of CD28 signaling.  
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Figure 4.5 α-GalCer stimulation induces NKT cell expansion. 

(A) Representative plots of thymic NKT cell populations (αGC:CD1d 

tetramer+TCRβ+) after 3-day co-culture with vehicle (Veh) or α-GalCer 

(α-GC) loaded splenocytes. (B) NKT cell percentage, (C) total NKT cell 

number, and (D) NKT cell fold expansion post stimulation are displayed. 

All data displayed in graphs correspond to mean +/- SEM of 3 biological 

replicates. Statistical significance was determined using one-way 

ANOVA followed by Bonferroni tests. Relevant statistical analyses are 

discussed in the text. 

 

Figure 4.6 CTLA-4 blockade does not enhance or 

inhibit NKT cell expansion after α-GalCer 

stimulation. 

(A) Representative plots of NKT cell populations 

(αGC:CD1d tetramer+TCRβ+) after 3-day co-

culture. (B) NKT cell percentage, (C) total NKT cell 

number, and (D) NKT cell fold expansion  post 

stimulation are displayed. All data displayed in 

graphs correspond to mean +/- SEM of 3 biological 

replicates. Statistical significance was determined 

using one-way ANOVA followed by Bonferroni 

tests. Relevant statistical analyses are discussed in 

the text. 
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Figure 4.7 CTLA-4 activation does not impact NKT cell 

expansion after α-GalCer stimulation. 

(A) Representative plots of NKT cell populations 

(αGC:CD1d tetramer+TCRβ+) after 3-day co-culture in 

the presence of a α-IgG secondary. (B) NKT cell 

percentage, (C) total NKT cell number, and (D) NKT cell 

fold expansion post stimulation are displayed. All data 

displayed in graphs correspond to mean +/- SEM of 3 

biological replicates. Statistical significance was 

determined using one-way ANOVA followed by 

Bonferroni tests. Relevant statistical analyses are 

discussed in the text. 

Figure 4.8 CD80/86 blockade suppresses α-GalCer-stimulated NKT cell 

expansion. 

(A) Representative plots of NKT cell populations (αGC:CD1d tetramer+TCRβ+) 

after 3-day co-culture. (B) NKT cell percentage, (C) total NKT cell number, and 

(D) NKT cell fold expansion post stimulation. All data displayed in graphs 

correspond to mean +/- SEM of 3 biological replicates. Statistical significance 

was determined using one-way ANOVA followed by Bonferroni tests. Relevant 

statistical analyses are discussed in the text. 
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4.4.3 Thymic NKT cell proliferation is CD28 dependent 

 In the case of conventional αβ T cells, an extensive literature has precisely 

quantitated the contribution of CD28 signals to proliferation, cytokine production and 

differentiation (143–145). To extract similar quantitative parameters from the NKT 

proliferation assay, we used a previously published methodology to determine the number 

of NKT precursors that entered proliferation (described in Chapter 2) (143). NKT cells 

were stratified by the intensity of their proliferation dye and separated into bins indicating 

the number of divisions undergone (Figure 4.9).  As shown in Figure 4.9, 65% of the NKT 

cells entered proliferation after addition of α-GalCer (absolute number of undivided NKT 

cells in Veh and α-GalCer is 8496±2171 vs 2933±608; p<0.001). These dividing cells also 

proliferated more, marked by a shift of the precursor proliferation curve to the right and an 

increased mean division number (3.88±0.2, Veh to α-Galcer; p<0.0001) (Figure 4.9). 

CD28 blockade drastically shifted the precursor division curve back towards the vehicle-

stimulated NKT cells and significantly decreased their mean division number (2.18±0.02, 

α-GalCer±Iso±α-CTLA-4±secondary to α-GalCer+mCTLA-4-Ig+α-CTLA-4±secondary; 

p<0.0001) (Figure 4.9). However, NKT cells under CD28 blockade still proliferated 

significantly more than vehicle-treated NKT cells (Veh to α-GalCer+mCTLA-4-Ig+α-

CTLA-4±secondary; p<0.001) (Figure 4.9). Reduced division and expansion under CD28 

blockade after activation correlates with prior literature citing decreased BrdU 

incorporation of in vivo, thymic, developing NK1.1+ T cells in CD80/86 KO mice (137), 

indicating that CD28 is important for proliferation during development and activation.  
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Figure 4.9 CD28 blockade, but not CTLA-4, decreases α-GalCer stimulated NKT cell proliferation. 

(A) Representative plots of NKT cell population proliferation with division bins denoted after 3-day co-

culture. (B) The precursor proliferation curve and (C) the mean division number of proliferating precursors 

are displayed. All data displayed in graphs correspond to mean +/- SEM of 3 biological replicates. Statistical 

significance was determined using one-way ANOVA followed by Bonferroni tests. Relevant statistical 

analyses are discussed in the text. 
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4.4.4 Thymic stage 2 and 3 NKT cells are differentially affected by CD80/86 blockade 

 Originally thought to delineate mature from immature NKT cells, NK1.1 

expression defines stage 3 NKT cells that have acquired the ability to predominantly 

produce IFN-γ (131). It was previously reported that the development of stage 3 NKT cells 

is more significantly reduced by CD28 or CD80/86 KO than stage 2 NKT cells (137,138). 

Unstimulated thymic type 1 NKT cells from 5-6 week old C57BL/6 mice are 

approximately 80% stage 3 (NK1.1+) and 20% stage 2 (NK1.1-) (Figure 4.4), but the 

proportion inverts to become 15% stage 3 and 85% stage 2 (Figure 4.10A) after 

stimulation. α-GalCer-stimulated stage 2 NKT cells (Figure 4.10B) were not significantly 

altered in the undivided bin (Veh to α-GalCer; n.s.), but were significantly increased in the 

divided bin (Veh to α-GalCer; p<0.0001). Conversely, stage 3 NKT cells were significantly 

decreased (Veh to α-GalCer; p<0.001) (Figure 4.10B) in the undivided bin and increased 

(Veh to α-GalCer; p<0.0001) in the divided bin. Concordantly, both stage 2 and 3 NKT 

cells had precursor proliferation curves (Figure 4.10D, E) that shifted to the right of 

vehicle-stimulated NKT cells and significantly higher mean division numbers, 3.65±0.09 

compared to 2.58±0.05, for stage 2 and stage 3, respectively (Veh to α-GalCer; p<0.0001) 

(Figure 4.10C). 

 In agreement with our conclusions above, CTLA-4 blockade or activation did not 

alter the proliferation of either stage 2 or stage 3 NKT cells (Figure 4.11) (stage 2 and 3 

mean division numbers (B), undivided populations (A), and divided populations (A) for α-

GalCer to α-GalCer+αCTLA-4 and α-GalCer+Iso+secondary to α-GalCer+αCTLA-

4+secondary; n.s.). Conversely, CD28 blockade negated both the decrease in undivided 

and increase in divided stage 3 NKT cells following α-GalCer stimulation (Figure 4.12B) 
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(Veh±Iso±secondary to α-GalCer+mCTLA-4-Ig+α-CTLA-4±secondary; n.s.). CD28 

blockade significantly reduced the expansion of activated stage 3 precursor cells, as 

demonstrated by a shift to the left of the precursor proliferation curve (Figure 4.12E) and 

a mean division number of only 1.6± 0.1 (α-GalCer±Iso±α-CTLA-4±secondary to α-

GalCer+mCTLA-4-Ig+α-CTLA-4±secondary; p<0.0001) (Figure 4.12C). Concomitantly, 

CD28 blockade significantly reduced the number of divided stage 2 NKT cells (Figure 

4.12B) observed after α-GalCer stimulation (α-GalCer+α-CTLA-4 to α-GalCer+mCTLA-

4-Ig+α-CTLA-4; p<0.0001) and decreased the expansion of stage 2 precursors, as indicated 

by a shift of the precursor proliferation curve to the left and a reduced mean division score 

of 2.69±0.17 (α-GalCer±Iso±α-CTLA-4±secondary to α-GalCer+mCTLA-4-Ig+α-CTLA-

4±secondary; p<0.0001) (Figure 4.12C, D).  

 Analysis of CFSE dilution and NK1.1 expression indicates that α-GalCer-

stimulated stage 2 NKT cells expand more efficiently than stage 3 NKT cells. α-GalCer-

stimulated stage 2 NKT cells consistently had significantly higher mean division numbers 

(Figure 4.12C) than stage 3 NKT cells (3.65±0.09 vs 2.58±0.04, stage 2 α-GalCer±Iso±α-

CTLA-4±secondary±m-CTLA-4-Ig to stage 3 α-GalCer±Iso±α-CTLA-4±secondary±m-

CTLA-4-Ig; p<0.0001). Interestingly, 70% of stage 3 NKT cells (undivided precursors 

number 2179 and 7271 for α-GalCer and Veh, respectively) committed to proliferation 

after α-GalCer stimulation compared to only 37% of stage 2 NKT cells (undivided 

precursors number 793 and 1253 for α-GalCer and Veh, respectively) (Figure 4.12 D, E). 

Under CD28 blockade, the percentage of stage 3 NKT cells recruited to proliferation 

decreased to 30% (undivided precursors number 5067 and 7271 for α-GalCer+α-CTLA-

4+m-CTLA-4-Ig and Veh, respectively) whereas the percentage of stage 2 NKT cells 
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recruited increases to 51% (undivided precursors are 619 vs 1253 for α-GalCer+α-CTLA-

4+m-CTLA-4-Ig and Veh, respectively). It is known that NKT cell responses are altered 

by the type and concentration of stimulus used (106). According to our results, blockade 

of CD28 decreases the expansion of activated stage 2 and 3 NKT cells and decreases the 

number of stage 3 cells achieving first division. These results align with decreased 

development of NK1.1+ NKT cells in CD80/86 KO mice (137,138).  
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Figure 4.10 Stage 2 and 3 NKT cells have different proliferation profiles after α-GalCer stimulation. 

(A) Representative plots of NKT cell populations stratified by NK1.1 expression and proliferation dye 

dilution. Quadrants represent the following populations: UR, Undivided Stage 3, UL, Divided Stage 3, LR, 

Undivided Stage 2, LL, Divided Stage 2.  (B) The number of NKT cells present in the following bins: 

Undivided Stage 3 (white bars), Divided Stage 3 (red bars), Undivided Stage 2 (yellow bars), Divided Stage 

2 (grey bars). (C) The mean division number of stage 2 and stage 3 precursor cells. The precursor proliferation 

curve of (D) stage 2 and (E) stage 3 NKT cells. All data displayed in graphs correspond to mean +/- SEM of 

3 biological replicates. Statistical significance was determined using one-way ANOVA followed by 

Bonferroni tests. Relevant statistical analyses are discussed in the text. 

Figure 4.11 NKT cell proliferation is not inhibited by CTLA-4 

blockade or activation. 

(A) The number of NKT cells present in the following bins: Undivided 

Stage 3 (white bars), Divided Stage 3 (red bars), Undivided Stage 2 

(yellow bars), Divided Stage 2 (grey bars). The mean division number 

(B) of stage 2 and stage 3 precursor cells. The precursor proliferation 

curve of (C) stage 2 and (D) stage 3 NKT cells. All data displayed in 

graphs correspond to mean +/- SEM of 3 biological replicates. Statistical 

significance was determined using one-way ANOVA followed by 

Bonferroni tests. Relevant statistical analyses are discussed in the text. 

. 
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Figure 4.12 CD28 blockade reduces the proliferation of both stage 2 and 3 NKT cells and restrains 

stage 3 NKT cells in the undivided population. 

(A) Representative plots of NKT cell populations stratified by NK1.1 expression and proliferation dye 

dilution. Quadrants represent the following populations: UR, Undivided Stage 3, UL, Divided Stage 3, LR, 

Undivided Stage 2, LL, Divided Stage 2.  (B) The number of NKT cells present in the following bins: 

Undivided Stage 3 (white bars), Divided Stage 3 (red bars), Undivided Stage 2 (yellow bars), Divided Stage 

2 (grey bars).  (C) The mean division number of stage 2 and stage 3 precursor cells. The precursor 

proliferation curve of (D) stage 2 and (E) stage 3 NKT cells. All data displayed in graphs correspond to mean 

+/- SEM of 3 biological replicates. Statistical significance was determined using one-way ANOVA followed 

by Bonferroni tests. Relevant statistical analyses are discussed in the text. 
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4.4.5 Thymic PLZF-Lo and Hi NKT cells are differentially affected by CD80/86 

blockade 

 Stage 3 NKT cells are predominantly NKT1, whereas stage 2 NKT cells are 

composed of NKT2 and NKT17 (99). Since earlier studies evaluating the CD28 

costimulatory pathway in NKT cells were published prior to the identification of these 

effector subtypes, the differential effects of CD28 on these NKT cell subsets has not yet 

been reported. As discussed in the introduction to this chapter, PLZF expression is helpful 

in identifying NKT cell effector subtypes (Figure 4.13), with PLZF-Hi corresponding to 

NKT2/17 and PLZF-Lo corresponding to NKT1 cells. In a similar fashion to the inversion 

of stage 2 and 3 NKT cell populations, stimulation with α-GalCer inverted the ratio of 

PLZF-Lo:PLZF-Hi cells –from 85:15 to 30:70 (Figure 4.13). As with stage 2 NKT cells, 

PLZF-Hi cells expanded more efficiently with a higher total cell number (Figure 4.13). 

Blocking CD28 costimulation significantly decreased the number of divided PLZF-Lo 

cells (α-GalCer to α-GalCer+mCTLA-4-Ig+α-CTLA-4±secondary; p<0.0001) (Figure 

4.14). Similarly, the number of PLZF-Hi divided cells was significantly decreased (α-

GalCer to α-GalCer+mCTLA-4-Ig+α-CTLA-4±secondary; p<0.0001), indicating 

decreased expansion (Figure 4.14). In alignment with decreased IFN-γ and IL-4 

production observed in previous literature (135,136), our proliferation data demonstrates 

that both NKT1 and NKT2 cells are adversely affected by CD80/86 blockade. 
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Figure 4.13 CD28 blockade inhibits the expansion of both 

PLZF-Lo and PLZF-Hi NKT cells. 

Representative plots of NKT cell populations stratified by 

PLZF expression and proliferation dye dilution. Quadrants 

represent the following populations: UR, Undivided PLZF-Hi, 

UL, Divided PLZF-Hi, LR, Undivided PLZF-Lo, LL, Divided 

PLZF-Lo. The number of NKT cells present in the following 

bins: Undivided PLZF-Lo (white bars), Divided PLZF-Lo (red 

bars), Undivided PLZF-Hi (yellow bars), Divided PLZF-Hi 

(grey bars).  All data displayed in graphs correspond to mean 

+/- SEM of 3 biological replicates. Statistical significance was 

determined using one-way ANOVA followed by Bonferroni 

tests. Relevant statistical analyses are discussed in the text. 

Figure 4.14 PLZF-Lo NKT cells expand more than PLZF-Hi NKT 

cells after α-GalCer Stimulation. 

Representative plots of NKT cell populations stratified by PLZF 

expression and proliferation dye dilution. Quadrants represent the 

following populations: UR, Undivided PLZF-Hi, UL, Divided PLZF-Hi, 

LR, Undivided PLZF-Lo, LL, Divided PLZF-Lo. The number of NKT 

cells present in the following bins: Undivided Stage 3 (white bars), 

Divided Stage 3 (red bars), Undivided Stage 2 (yellow bars), Divided 

Stage 2 (grey bars).  The mean division number of stage 2 and stage 3 

precursor cells. All data displayed in graphs correspond to mean +/- SEM 

of 3 biological replicates. Statistical significance was determined using 

one-way ANOVA followed by Bonferroni tests. Relevant statistical 

analyses are discussed in the text. 
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4.4.6 PLZF is upregulated prior to division while CD28 is upregulated on dividing 

cells 

 PLZF expression in homeostatic conditions is strongly correlated with NKT cell 

effector type (78,99,131), but PLZF expression after stimulation is less extensively 

characterized. Our curiosity was piqued by the observation that the number and percentage 

of PLZF-Lo NKT cells (Figure 4.13)  was approximately twice that of NK1.1+, stage 3 

NKT cells(Figure 4.10). Indeed, examination of NK1.1 and PLZF expression indicated the 

presence of PLZF-Lo, NK1.1- cells (Figure 4.15) in α-GalCer-stimulated NKT cell 

populations, signifying the plasticity of stimulated, mature NKT cells. Consequently, we 

analyzed PLZF expression in stage 2 and stage 3 NKT cells (Figure 4.16A) and found that 

stimulation with α-GalCer significantly increased the expression of PLZF in all groups 

(Veh±Iso±secondary to α-GalCer±Iso±α-CTLA-4±secondary; p<0.0001). CD28 blockade 

did not affect PLZF upregulation with α-GalCer stimulation (Veh±Iso±secondary to α-

GalCer+CTLA-4-Ig+α-CTLA-4±secondary; p<0.0001 stage 2 and p<0.001 stage 3). When 

we assessed PLZF expression in undivided stage 2 and 3 NKT cells (Figure 4.16B), we 

found that undivided, α-GalCer-stimulated, stage 2 NKT cells have a significant increase 

in PLZF expression (Veh to α-GalCer+α-CTLA-4; p<0.05) that is further increased under 

CD28 blockade (α-GalCer+α-CTLA-4+mCTLA-4-Ig; p<0.0001). Undivided stage 3 NKT 

cells trend toward higher PLZF expression, but the difference is not significant (Figure 

4.16B). The observation that PLZF is still upregulated in undivided cells under CD28 

blockade suggests that PLZF upregulation is TCR-dependent and CD28-independent. We 

propose that TCR signaling induces PLZF upregulation in anticipation of proliferation, but 
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the lack of CD28 signaling keeps these cells in an undivided state, causing PLZF levels to 

be even higher under CD28 blockade.  

 CD28 expression on both undivided and divided cell populations was assessed to 

examine the differential effects of CD80/86 blockade on NKT cell subtypes (Figure 

4.17A). Our finding that CD28 is constitutively expressed on thymic NKT cells correlates 

with prior literature indicating the CD28 KO negatively impacts thymic NKT cells 

(72,135). Our data indicates that CD28 expression was significantly increased on α-

GalCer-stimulated, actively dividing NKT cells (Veh to α-GalCer; p<0.0001) (Figure 

4.17A). This increase is specific to activated, dividing cells and did not decrease with either 

CTLA-4 activation/blockade or CD80/86 blockade (α-GalCer to α-GalCer+α-CTLA-

4±secondary±mCTLA-4-Ig; n.s.) (Figure 4.17A). Increased CD28 expression during 

proliferation indicates a heightened requirement for CD28 stimulation during this time as 

evidenced by the decreased mean division number of both stage 2 and 3 dividing precursors 

(Figure 4.12) in the presence of CD80/86 blockade. This correlates well with CD28 

function in conventional T cells where it is known enhance survival and proliferation after 

antigenic stimulation (145,146). Although prior reports have indicated CD69 upregulation 

after activation (147), our analysis found CD69 to be highly expressed on all NKT cells 

and unchanged by stimulation (Figure 4.17B) even when we assessed dividing and 

undivided populations (data not shown). Given that our time course was 3 days, our data 

does not rule out changes in CD69 at earlier time points after stimulation. 

 In this chapter we provide evidence demonstrating that distinct subsets of type 1 

NKT cells have differential costimulatory requirements. We show that thymic NKT cell 

activation can be assessed ex vivo using a sensitive fluorometric proliferation assay. Our 
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data suggest that thymic NKT cells are not affected by CTLA-4 signaling but require CD28 

signals. Further stratification of NKT cell subpopulations using NK1.1 and PLZF 

expression reveals stage 3 NKT cells expand less efficiently than stage 2 NKT cells. CD28 

blockade decreases the number of stage 3 NKT cells recruited to division after stimulation 

and decreases the proliferative capacity of both stage 2 and stage 3 NKT cells. 

Concordantly, CD28 expression is increased on dividing cells, but not undivided cells. 

Finally, we found that PLZF expression changes with stimulation with the formation of a 

NK1.1-, PLZF-Lo population, and that PLZF is upregulated by TCR signaling prior to 

division. Collectively, these results indicate that NKT cell subpopulations respond 

differently to antigenic stimulation and have differential requirements for costimulation.   
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Figure 4.15 A PLZF-Lo, NK1.1- population forms 

after α-GalCer stimulation. 

Representative flow cytometry plots of NKT cell 

expression of PLZF and NK1.1 after 3 day 

stimulation. 

Figure 4.16 PLZF is upregulated during NKT cell activation. 

(A) The MFI of PLZF in bulk stage 2 (grey bars) and stage 3 (red bars) NKT cells. (B) The 

MFI of PLZF in undivided stage 2 (grey bars) and stage 3 (red bars) NKT cells.  All data 

displayed in graphs correspond to mean +/- SEM of 3 biological replicates.  Statistical 

significance was determined using one-way ANOVA followed by Bonferroni tests.  

Relevent statistical analyses are discussed in the text. 

Figure 4.17 NKT cells upregulated CD28 but not CD69 during proliferation. 

(A) The MFI of CD28 on undivided (red bars) and divided (grey bars) NKT cells.  (B) The MFI of CD69 on 

NKT cells.  All data displayed in graphs correspond to mean +/- SEM of 3 biological replicates.  Statistical 

significance was determined using one-way ANOVA followed by Bonferroni tests.  Relevent statistical 

analyses are discussed in the text. 
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Chapter 5: Targeting CARP-1 in breast cancer to decrease tumor growth and 

enhance immunogenicity 

5.1 Introduction 

 Breast cancer (BC) represents 15% of all new cancer cases in the US (148).  It is a 

complex disease composed of many subtypes.  Focusing within invasive breast cancer, 

there are four subcategories based on expression of hormone receptors (estrogen and 

progesterone) and human epidermal growth factor receptor 2 (HER2) (149,150).  Luminal 

A, which expresses hormone receptors but not HER2, comprises 67% of breast cancer 

diagnoses and has a 94% 5-year survival rate (149).  On the other end of the spectrum, 

Triple Negative (TNBC), which does not express hormone receptors or HER2, represents 

10% of diagnoses and has the lowest 5-year survival rate of 76.5% (149).  This reduced 

survival rate is contributed in part to the inability to directly target this cancer using 

reagents against HER2 or hormone receptors.  Interestingly, TNBC is over-represented in 

the non-Hispanic Black community with twice as many diagnoses per 100,000 (150).  

Breast cancers are also classified by stage which indicates whether and how far the cancer 

has spread (defined as localized, regional, and distant). Stage is contraindicative of survival 

with distant metastasis having the poorest prognosis.  Within Luminal A and TNBC, the 5 

year survival rates of regional decrease to 90% and 65% and distant to 30% and 11%, 

respectively (149).  Thus, innovative therapies are desired to combat later stage and more 

aggressive disease.  
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5.1.1 New therapies for breast cancer 

 As defined by the Hallmarks of Cancer, cancer cells have the ability to resist cell 

death and proliferate indefinitely (1). Thus, a key goal of chemotherapy is tipping the 

balance within cancer cells to favor apoptosis and inhibit proliferation – preferably without 

significant toxicity to normal cells.  The protein cell cycle and apoptosis regulatory protein 

(CARP-1) was discovered in a TNBC cell line as the key mediator of CD437- and 

chemotherapy-induced cell death (151).  CARP-1 has been shown to regulate cell cycle 

and apoptosis (151).  Under homeostatic conditions, CARP-1 is a co-activator of the 

anaphase promoting complex/cyclosome (APC/C), which is frequently dysregulated in 

cancer, via direct protein-protein interactions with APC-2, the E3 ubiquitin ligase 

component (152).  A drug screen for compounds that interfered with this interaction 

identified CARP-1 functional mimetics (CFM) (152).  CFM-treatment of breast cancer cell 

lines, including chemotherapy-resistant cell lines but not non-cancerous cell lines, resulted 

in cell cycle arrest at G2/M and apoptosis dependent on the downregulation of Cyclin B1 

and Cdc20, upregulation of CARP-1, and cleavage of apoptotic caspases (152,153).  CFMs 

have also shown efficacy in non-small cell lung cancer, neuroblastoma, diffuse large B cell 

lymphoma, and renal cell carcinoma (154–157).  
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5.1.2 NKT cells in breast cancer 

 The impact of NKT cells on breast cancer has demonstrated the distinct effects of 

type I and type II NKT cells on cancer growth.  The vast majority of breast cancer research 

uses the 4T1 tumor model.  Although we conventionally think of type I NKT cells as being 

protective, a series of studies in this system have indicated a negative impact of type I NKT 

cells in breast cancer. Using the 4T1 model, Terabe et al. demonstrated prolonged survival 

of mice lacking NKT cells over wildtype mice – with mice lacking type I and II NKT cells 

having the highest survival rate (demonstrating that type II NKT cells play a stronger role 

in anti-tumor immunosuppression) (51).  Further studies demonstrated that mice lacking 

type I NKT cells have a distinct advantage against tumor metastasis dependent on antigen-

specific CTL responses and have the ability to clear tumors after radiation and CTLA-4 

blockade therapy (158).  These results were recapitulated using CD1d blocking mAb – 

which would block type I and type II NKT cell activation – and demonstrated increased 

DC recruitment to the tumor and tumor draining lymph node (159).  While these studies 

emphasized the negative impact of type I and type II NKT cells, it is important to note that 

type I NKT cell activation was not included in the treatment regimen in these experiments.   

 Treatment regimens that promote the activation of type I and suppression of type II 

NKT cells have demonstrated higher efficacy in this 4T1 model. Given that NKT cells can 

be suppressed by Treg cells, an immunotherapy achieved 85% complete regression by 

administration of α-GalCer and depletion of CD25-positive cells (160).  Similarly, 

administration of α-GalCer-loaded DCs resulted in a 45% complete regression 

characterized by increased CD8 T and NK cell IFN-γ secretion and cytotoxicity and 

decreased MDSC populations (161).  These results were corroborated by work in FVB/N 
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mice demonstrating that activated NKT cells inhibited the suppressive effects of MDSC, 

thereby enhancing the anti-tumor activity of T cells (162).  A follow-up study indicated 

synergy between DC vaccination and cyclophosphamide chemotherapy (163).  Another 

combination therapy approach used α-DR5, α-4-1BB, and either an NKT agonist (α-

GalCer or α-C-GalCer, NKTMab Therapy) or α-CD1d (1DMab Therapy).  While both of 

these therapies enhanced complete responses against 4T1 tumor growth and metastasis, 

NKTMab was dependent on type I NKT cells, IFN-γ, T cells, and NK cells (164).  

Conversely, 1DMab was only dependent on CD8 T cells and IFN-γ – indicating that α-

CD1d was blocking type II NKT cell suppression rather than activating type I NKT cells 

(165).   

 

5.1.2.1 Mouse models for breast cancer 

 The 4T1 model is on a Balb/c background which typically is thought to make TH2 

skewed responses in both the T and NKT compartments.  A C57BL/6 model that used 

HER2-transduced B16 melanoma cells, indicated that treatment with an α-GalCer-loaded 

CD1d protein – α-HER2 fusion protein localized NKT, NK, and T cells to the tumor and 

suppressed tumor growth and metastasis (166).  In another Balb/c model of breast cancer 

(TM40D), tumor CD1d expression inversely correlated with metastasis and directly 

correlated with anti-tumor immunity (167).  Interestingly, tumor cells grew more 

aggressively in mice deficient in type I NKT cells than in mice lacking all NKT cells – 

indicating the ability of type II NKT cells to suppress anti-tumor immunity.   
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5.2 Rationale for this study 

 Given that single-reagent treatments are rarely successful and the recent 

advancement of immunotherapies, chemotherapies that synergize with immunotherapy are 

highly desired. Given the role of CARP-1 as a pro-survival factor, we hypothesized 

inhibition with CFMs will increase cell death and increase immunogenicity to NKT cells.  

Although CFMs have shown promise in vitro and in immunocompromised mouse systems, 

their effect on the immune system has not been assessed.  With this goal in mind, we 

assessed the effect of CFM-4 and CFM-5 on immune cell function and activation.   

 

5.3 Significant findings 

 CFM-4 and 5 were cytotoxic to a human Luminal A cell line (MCF-7) and a murine 

TNBC cell line (E0771) (168,169).  MCF-7 cells express low levels of CD1d and could 

stimulate NKT cell hybridomas in the presence of α-GalCer.  However, this stimulation 

decreased with CFM-4 or 5 treatment.  Cytokine production by in vitro-stimulated human 

peripheral blood mononuclear cells (PBMCs) revealed that CFM-4 and CFM-5 moderately 

inhibited immune cell activation.  These data cumulatively indicate that CFM-4 and 5 do 

not synergize with NKT cell-based immunotherapies. 
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5.4 Results 

5.4.1 CFM inhibit BC proliferation and induce apoptosis 

 The first step to address our hypothesis was determining the concentration at which 

CFM-4 and CFM-5 treatment inhibit MCF-7 and E0771 BC cell line growth and induce 

cell death.  At 48 hours, significantly more cell death occurred in the presence of both 

CFM-4 and CFM-5.  Approximately 70% of MCF-7 (Figure 5.1A) died at 10μM 

(p<0.005) whereas only 50% of E0771 (Figure 5.1B) died at 20μM (p<0.001).  These data 

indicate that MCF-7 are more sensitive to CFM-induced apoptosis.  Conversely, 

assessment of proliferation in the presence of CFM treatment indicated that E0771 were 

more sensitive.  At 72 hours, 60% (p<0.001) and 15% (p<0.001) of E0771 (Figure 5.1D) 

were proliferating in the presence of 10μM and 20μM of CFM-4, respectively.  Similarly, 

CFM-5 decreased E0771 (Figure 5.1E) proliferation to 70% (p<0.001) and 20% (p<0.001) 

at 10μM and 20μM, respectively.  However, MCF-7 proliferation was only reduced to 60% 

(p<0.05) and 80% (p<0.05) by 20μM of CFM-4 (Figure 5.1C) and CFM-5 (Figure 5.1E), 

respectively.  The effective dose range of 10-20μM that we observed aligns closely with 

the effective doses observed upon initial characterization of these compounds (152).  CFM-

4 and CFM-5 inhibited proliferation and induced apoptosis in both a human Luminal A 

(MCF-7) and a murine TNBC (E0771) cell line.   
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Figure 5.1 CFM treatment induces apoptosis and inhibits proliferation.   

Human MCF-7 (A, C, E) and murine E0771 (B, D, E) were cultured in the presence of increasing 

concentrations of CFM-4 (A, B, C, D) or CFM-5 (A, B, E). (A, B) Cytotoxicity was assessed 48 hours by 

LDH release. (C, D, E) Proliferation was assessed at 24, 48, and 72 (E) hours by WST-1 metabolism.  

Statistical significance determined by t test: * p<0.05, ** p<0.005, and *** p<0.001. 
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5.4.2 CFM inhibit immune cell cytokine secretion 

 The specificity of chemotherapies for cancer cells is typically due to the high 

proliferation rate of cancer cells.  However, immune cells also proliferate when activated, 

making many chemotherapies toxic to immune cells.  We tested the effect of CFM-4 and 

CFM-5 on IFN-γ cytokine production by in vitro stimulated, healthy donor PBMC.  

Stimulation of T cells with bead-bound antibodies against CD3 and CD28 resulted in 

significant IFN-γ production, but addition of 1μM CFM-5 decreased this production from 

approximately 4,500pg/mL to 3,500pg/mL (Figure 5.2A).  Treatment with 1μM CFM-5 

did not have a significant impact on MCF-7 or E0771 proliferation or cell death.  Therefore, 

we also tested 10μM and found that CFM-5 was inhibitory (Figure 5.2B).  We also 

assessed immune cell activation using chemicals (PMA and ionomycin) that bypass cell 

surface receptors to induce activation signals (PKC and calcium) intracellularly.  CFM-4 

and CFM-5 were both inhibitory to chemically-induced cytokine release at 1μM and 10μM 

(Figure 5.2A, B).  Stimulation of immune cells in the presence of CFM-4 and CFM-5 

resulted in suppression of IFN-γ release.  CFMs interfere with the ability of the anaphase 

promoting complex to form and function, thereby interfering with proliferation.  Given that 

immune cells proliferate upon activation, it is unsurprising that these compounds have a 

negative impact on immune cell function.  These results indicate that CFM-4 and CFM-5 

may not synergize with immunotherapies. 
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Figure 5.2 CFM inhibit immune cell cytokine secretion.   

Healthy donor PBMC were cultured in the presence of 1μM (A) or 10μM (B) of CFM-4 or CFM-5 and 

stimuli, including media, aAPC, α-CD3/28 beads, and PMA/I, for 48 hours.  IFN-γ secretion was assessed 

by ELISA.  Statistical significance determined by t test with p values indicated. 
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5.4.3 Treatment with CFMs do not enhance MCF-7 immunogenicity to NKT cells 

 NKT cells can directly recognize and kill tumor cells, but tumors can avoid NKT 

cell induced cytotoxicity by downregulation of CD1d or upregulation of suppressive 

ligands.  Upon assessment of CD1d expression by flow cytometry, we found that MCF-7 

naturally express low levels of CD1d (Figure 5.3A).  To assess the ability of NKT cells to 

recognize MCF-7, we cocultured NKT hybridomas (DN32.D3) with MCF-7 that had been 

loaded with an agonist lipid (α-GalCer) or vehicle with or without fixation.  We have 

previously reported that fixation with a low concentration of paraformaldehyde (0.05%), 

permits antigen presentation by CD1d, but blocks the production of immunosuppressive 

factors by cancer cells (170).  Interestingly, we found that MCF-7 were able to stimulate 

NKT cells in the presence of α-GalCer and that this ability was muted by fixation (Figure 

5.3B).  To assess the effects of CFM on MCF-7 immunogenicity, we added CFM-4 and 

CFM-5 during the α-GalCer loading step and subsequently cocultured with NKT 

hybridomas (type I: DN32.D3 and N38-3C3; type II: N37-1A12, data not shown).  

Although DN32.D3 responded to α-GalCer-loaded MCF-7, N38-3C3 and N37-1A12 did 

not respond to MCF-7 under any conditions.  NKT cytokine production in the response to 

α-GalCer-loaded MCF-7 was significantly reduced when the MCF-7 had been exposed to 

CFM-4 or CFM-5 (p<0.005, Figure 5.3C).  Importantly, CFM-4 and CFM-5 did not 

enhance MCF-7 stimulation in the absence of α-GalCer.  Therefore, CFM-4 and CFM-5 

do not enhance the immunogenicity of MCF-7 to NKT cells and decrease the potency of 

α-GalCer stimulation. Recent work demonstrated that transduction of human TNBC cell 

lines to express CD1d enhanced NKT cell mediated cytotoxicity, but only when the cells 

were loaded the NKT agonist ligand 7DW8-5, not α-GalCer – indicating that tumor CD1d 
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expression alone is not sufficient to stimulate NKT cells, even in the presence of a 

canonical, activating ligand.    



108 
 

 

 

  

Figure 5.3 NKT hybridomas can recognize antigen presented by breast cancer cells.   

(A) MCF-7 CD1d expression was compared to L-CD1d by flow cytometry.  (B) DN32.D3 secretion of IL-

2 in response to α-GalCer-loaded, fixed MCF-7.  (C) DN32.D3 and N38-3C3 secretion of IL-2 in response 

to α-GalCer-loaded MCF-7 that had been pretreated with 10μM CFM-4 or CFM-5.  Statistical significance 

determined by t test: ** p<0.005. 
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Chapter 6: Inhibition of PI3K promotes anti-tumor immune responses to Mantle 

Cell Lymphoma 

6.1 Introduction 

 Non-Hodgkin’s Lymphoma (NHL) is a neoplasm originating in white blood cells 

(B, T, or NK cells) that comprises 4.2% of all new cancer cases annually.  Mantle cell 

lymphoma (MCL) is an aggressive subtype of NHL (2-6% of cases) derived from B cells 

and characterized by overexpression of Cyclin D1 due to a chromosomal translocation 

(t11;14).  Of the NHL subtypes, MCL has the poorest prognosis.  First line therapies 

include intensive, highly cytotoxic chemotherapy regiments followed by autologous stem 

cell transplantation and rituximab immunotherapeutic maintenance.  While remission is 

common with first line therapies, relapse is frequently seen within 18 months.  Post-relapse 

treatment includes inhibitors targeting Bruton’s tyrosine kinase (Btk, a BCR signaling 

component) and mTOR followed by allogenic stem cell transplant or CAR-T/BiTE 

immunotherapies (171).  Despite these aggressive therapies, the median survival time of 

MCL patients is 5-7 years from initial diagnosis (172).  Due to the heterogeneity of this 

disease and its difficulty to treat, no standard of care is available at this time (173). 
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6.1.1 New chemotherapies for NHL 

 Phosphoinositol-3 kinase (PI3K) is a signal transducing enzyme that starts 

signaling cascades for receptor tyrosine kinases (RTKs)(174).  RTKs, located in the plasma 

membrane, typically respond to extracellular growth signals, but in B cells PI3K transduces 

signals for CD19, the BCR co-receptor.  PI3K activation starts a signaling cascade 

throughout the cell resulting in transcriptional changes mediated by the translocation of the 

transcription factor NF-κB to the nucleus.  Class I PI3Ks, including p110 α, β, δ, and γ, 

create secondary messengers by phosphorylating PIP2 to produce PIP3(174). PIP3 in turn 

activates multiple downstream components of the signaling cascade, such as Akt (Protein 

Kinase B), mTOR (mammalian Target of Rapamycin), Btk (Bruton’s tyrosine kinase), 

PDK (phosphoinositide-dependent kinase 1), and PKC (Protein Kinase C), effectively 

amplifying the original signal.  These pathways result in positive signaling for the cell, 

inducing survival, growth, and proliferation.  Because of the correlations between PI3K 

activity and cancer development and progression, PI3K inhibition has become an area of 

interest in the clinic with over 30 different drugs developed to target them. Clinical trials 

are currently being done in a wide variety of solid and hematological malignancies (174–

176).  This chapter will focus on a select group of PI3K inhibitors: CAL-101 (idelalisib, 

Gilead) is specific for p110δ inhibition, BYL-719 (alpelisib, Novartis) inhibits p110α 

specifically, BKM-120 (buparlisib, Novartis) is a pan-p110 inhibitor, and BEZ-235 

(Dactolisib, Novartis) is a dual PI3K/mTOR inhibitor. Idelalisib is FDA-approved for 

treatment of relapsed chronic lymphocytic leukemia (CLL), follicular lymphoma (FL), and 

small lymphocytic lymphoma (177).  There are multiple ongoing clinical trials using 

idelalisib that include optimizing treatment in follicular lymphoma (NCT03568929), 
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combination treatments with immunotherapies such as rituximab and pembrolizumab 

(NCT03582098, NCT03639324, NCT02332980), and expansion into other types of 

hematological malignancies and solid malignancies (NCT02242045, NCT03742323).  

Although not FDA-approved, alpelisib and buparlisib are actively being investigated for 

their efficacy in in cancer treatment.  While alpelisib has demonstrated clinical efficacy in 

breast cancer and has ongoing clinical trials for other solid malignancies, buparlisib clinical 

trials have been plagued by increased adverse events and lower efficacy than apelisib 

(176,178–182).  Cases where buparlisib has demonstrated clinical efficacy have exhibited 

mutations in p110α - indicating the fundamental need to ascertain PI3K activity in the 

cancer prior to treatment with PI3K inhibitors.  Dactolisib, while initially promising, was 

dropped due to high toxicities with low clinical efficacy demonstrated in prostate, renal 

cell carcinoma, and pancreatic cancer (NCT01717898, NCT01453595, NCT01658436) 

(183).  BYL-719 and BKM-120 have shown promise as chemotherapeutic agents in solid 

tumors, but, like idelalisib, their true potential may lie in hematological malignancies (184). 
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6.1.2 NKT cells in lymphoma 

 As discussed in Chapter 1, NKT cells are critical in cancer immunosurveillance and 

promote anti-tumor immunity. While expression of CD1d is important for tumor 

recognition and subsequent elimination (185), many hematological malignancies, 

including myelomonocytic leukemia (186), chronic and acute lymphocytic leukemia (CLL 

and ALL) (187,188), and lymphoid neoplasms (189),  are poorly immunogenic despite the 

expression of CD1d molecules and costimulatory proteins needed to induce an anti-tumor 

immune response by NKT cells. Therefore, CD1d expression correlates with a poor 

prognosis (187). Indeed, in many lymphoma patients the NKT cell population is reduced 

(Figure 6.1) and/or dysfunctional (54).  Given the capacity of B cells to act as antigen 

presenting cells, B cell lymphoma manipulation to induce NKT cell activation is an 

important area of research. Accordingly, immunotherapeutic approaches targeting NKT 

cell responses to lymphoma have achieved success in mouse models.  Multiple studies have 

demonstrated the efficacy of tumor cell vaccination in combination of α-GalCer (or β-

ManCer) with or without costimulatory antibodies in inducing anti-tumor immunity 

characterized by antigen-specific T cell and NK cell responses (190–194).  Similarly, 

optimization of anti-CD19 CAR-NKT cell production have identified the importance of 

CD62L+ NKT cells and how the presence of IL-21 and costimulation during activation and 

expansion promote proliferation, suppress activation induced cell death, and enhance anti-

lymphoma effector functions (195,196).  In accordance with other types of lymphoma, 

MCL patients have reduced NKT cell populations compared to healthy donors (197). While 

healthy NKT cells can recognize and respond to MCL B cells, NKT cells from MCL 

patients are hyporesponsive and fail to expand when stimulated ex vivo (59,197).  MCL 
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cells have variable levels of CD1d, and, although they are less stimulatory to NKT cells at 

baseline, they can activate NKT cells when loaded with α-GalCer.  In a mouse model of 

MCL, NKT cell activation with a single dose of α-GalCer resulted 100% survival of the 

mice (197).  The above studies from our lab indicate that NKT cells can play an important 

immunotherapeutic role against MCL.  
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Figure 6.1 Peripheral blood NKT cell populations are reduced 

in lymphoma patients. 

PBMCs from healthy donors and lymphoma patients at 

Greenebaum Comprehensive Cancer Center were assessed for 

NKT cell populations by flow cytometry. 
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6.2 Rationale for this study 

 Due to the innate importance of PI3K for B cell survival and activation, PI3Ki could 

have a strong impact in MCL.  Driving PI3K and NF-κB activation is sufficient to induce 

B cell lymphomagenesis (198).  In B cells, PI3K is typically activated through CD19, the 

B cell receptor (BCR) co-receptor (199).  In MCL, PI3K and its downstream pathways, 

including Btk, Akt, mTOR, and NF-κB, are known to be constitutively activated (200,201).  

Because of their dependence on PI3K activation, we hypothesized that PI3K inhibitors 

would be cytotoxic to MCL cells and would alter the MCL cells to make them more 

immuno-stimulatory.   

 

6.3 Summary of findings 

 To investigate this hypothesis, we utilized four PI3K inhibitors (BEZ-235, BYL-

719, BKM-120, and CAL-101) in both in vitro and in vivo experiments.  We found that 

PI3Ki are specifically cytotoxic to MCL cells, but not normal B cells.  Excluding BEZ-

235, PI3Ki did not suppress immune cell function or NKT cell responses to MCL.  In a 

mouse model of MCL, treatment with PI3Ki resulted in decreased tumor burden and 

enhanced immune function.  CAR-NKT cell mediated cytotoxicity against MCL lines is 

enhanced by α-GalCer and unaffected by PI3Ki pretreatment.  Collectively, these data 

indicate that PI3Ki could be promising treatments for MCL and especially useful in 

combination with immunotherapies since they do not impede immune cell function. 
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6.4 Results 

6.4.1 Pretreatment with PI3K inhibitor induces cytotoxicity in MCL 

 MCL is characterized to have constitutive PI3K activation(200,201).  To determine 

whether PI3K inhibition is cytotoxic to MCL cells, Jeko-1 (Figure 6.2B) and SP-53 

(Figure 6.2C) cells were cultured in the presence of increasing amounts of three PI3K 

inhibitors, BEZ-235, BYL-719, and BKM-120.  C1R-CD1d (Figure 6.2A) were cultured 

in the same conditions as a control.  Cytotoxicity was assessed by release of LDH into the 

supernatant at 48 (data not shown) and 72 hours.  Whereas all three PI3K inhibitors had 

relatively little effect on C1R-CD1d (Figure 6.2A), they were cytotoxic to both Jeko-1 

(Figure 6.2B) and SP-53 (Figure 6.2C).  BYL-719 was the most cytotoxic even at doses 

as low as 39nM.  BEZ-235 was more cytotoxic in Jeko-1 than SP-53 whereas BKM-120 

was more cytotoxic in SP-53 than Jeko-1.  Both BEZ-235 and BKM-120 required higher 

doses (156nM and 1.25μM respectively) to achieve cytotoxicity over 40%.  Because of 

their specificity for MCL cells over C1R-CD1d, PI3K inhibitors are a good candidate for 

MCL treatment. 
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Figure 6.2 Pretreatment with PI3Ki induces 

cytotoxicity.   

(A) C1R-CD1d, (B) Jeko-1, and (C) SP-53 cell lines 

were treated with increasing concentrations of the 

PI3K inhibitors BEZ-235, BYL-719, and BKM-120.  

Drug-specific cytotoxicity was measured by LDH 

assay at 72hours. 
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6.4.2 Pretreatment with PI3K inhibitors does not suppress CD1d-mediated anti-

tumor NKT cell responses 

 While healthy B cells can present antigen to and activate NKT cells, MCL B cells 

are less stimulatory (197).  Jeko-1 (Figure 6.3A), SP-53 (data not shown), and C1R-CD1d 

(data not shown) were analyzed by flow cytometry to verify  expression of classic B cell 

markers, such as CD19 and CD20, and the antigen presenting molecule, CD1d.  To assess 

the effects of PI3K inhibition on CD1d-mediated antigen presentation, Jeko-1 (Figure 

6.3B, C), SP-53 (data not shown), and C1R-CD1d (data not shown) were pre-treated with 

PI3K inhibitors.  After washing away residual PI3K inhibitor, the cells were co-cultured 

with primary human NKT cells in the presence of α-GalCer for 48 hours.  NKT cell 

activation was assessed by specific cytotoxicity (LDH release, Figure 6.3B) and secretion 

of IFN-γ (Figure 6.3C), GM-CSF (data not shown), and Perforin (data not shown).  BEZ-

235 strongly inhibited the ability of Jeko-1 to activate NKT cells (Figure 6.3B,C).  

Conversely, BYL-719, BKM-120, and CAL-101 had no significant effect on NKT cell 

activation.  Apart from BEZ-235, PI3K inhibition did not alter the ability of NKT cells to 

respond to MCL cell lines, suggesting a role for PI3Ki in combination immunotherapeutic 

strategies. 
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Figure 6.3 PI3K inhibition does not inhibit anti-tumor NKT cell responses.  

(A) Flow cytometry histograms for CD19, CD20, and CD1d expression displaying unstained (black) or 

stained (grey) Jeko-1 cells. (B) Specific lysis of Jeko-1 cells by primary human NKT cells as measured by 

LDH release from pre-treated, α-GalCer-loaded, Jeko-1 cells. (C) IFN-γ secretion measured by ELISA by 

primary human NKT cells to pre-treated, α-GalCer-loaded, Jeko-1 cells. 
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6.4.3 PI3K inhibitors do not abrogate immune cell function 

 PI3K is a fundamental component of immune cell receptor signaling.  To 

investigate the effects of PI3K inhibition on T cell function, peripheral blood mononuclear 

cells (PBMCs) were stimulated for 48 hours and then activation was assessed by secretion 

of IFN-γ (Figure 6.4A,D), TNF-α (Figure 6.4B,E), and GM-CSF (Figure 6.4C,F).  

Stimuli included media to assess baseline activation, α-GalCer:CD1d artificial antigen 

presenting cells (aAPC) to activate NKT cells specifically, α-CD3/28 beads to activate all 

T cells, and PMA/ionomycin to chemically induce activation.  As a dual PI3K/mTOR 

inhibitor, BEZ-235 was extremely inhibitory to immune cell function as seen by decreased 

production of IFN-γ, TNF-α, and GM-CSF in the α-CD3 and PMA/I treatment groups 

(Figure 6.4A-C).  To compare these compounds to an FDA approved treatment for 

lymphoma, we replaced BEZ-235 with idelalisib (CAL-101, Figure 6.4D-I).  Overall, 

CAL-101, BYL-719 and BKM-120 did not have a significant effect on immune cell 

function as demonstrated by consistent PMA/I activation levels.  All three pharmaceuticals 

caused slight inhibition in the α-CD3 stimulated groups.  Collectively, BYL-719 and BKM-

120 were comparable in their effect on immune cell activation and cytokine secretion – 

specifically they do not abrogate immune cell function. 
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Figure 6.4 PI3K inhibitors do not inhibit immune cell function.   

(A-F) Human PBMC cytokine production in response to stimuli.  Human PBMC from healthy donors were 

cultured with stimuli in the presence or absence of 1μM PI3K inhibitors, (A-C) BEZ-235, (A-F) BYL-719, 

(A-F) BKM-120, or (D-F) CAL-101 for 48 hours.  (A, D) IFN-γ, (B, E) TNF-α, and (C, F) GM-CSF secretion 

were measured by ELISA. 
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6.4.4 PI3K inhibitor treatment reduces tumor burden and enhances immune function 

in a mouse model of MCL 

 To assess the effects of PI3K inhibition in vivo, a previously established mouse 

model was used (69). IL-14α transgenic mice were bred with c-myc transgenic mice to 

produce double transgenic mice (DTG).  DTG mice express both c-myc and IL-14 under 

the Eμ promoter causing aggressive lymphoma development and death within 3-4 months.  

Importantly, treatment of DTG mice mimics human disease because the mice have already 

developed lymphoma when the treatment regimen starts.  DTG mice were treated with 

BKM-120 or BYL-719 (Figure 6.5A).  We did not include CAL-101 because it has already 

demonstrated promising results for in vitro treatment of MCL although treatment of human 

specimens indicated resistance due to decreased dependency on p110δ and increased 

dependency on p110α (202,203).  At euthanasia, BYL-719 and BKM-120-treated mice 

weighed significantly less than the control group indicating decreased tumor burden 

(Figure 6.5B).  One caveat to this body weight data is that the BKM-120 group was 

composed of females whereas the control and BYL-719 groups were composed of males.  

However, decreased tumor burden was verified by spleen histology (Figure 6.5C).  In 

control group spleens, the mantle zone (M) was enlarged and splenic structure was starting 

to break down.  Conversely, the BKM-120 and BYL-719-treated groups had retained their 

splenic architecture and demonstrated reduced mantle zones (M) and enlarged germinal 

centers (GC).  Despite reduced tumor burden, the spleens of BYL-719 and BKM-120-

treated mice were significantly heavier than those of the control group, potentially 

indicating the presence of an immune response (Figure 6.5D).  To assess immune function, 

splenocytes from control, BYL-719, and BKM-120-treated mice were stimulated ex vivo 
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for 48 hours and then immune cell activation was assessed by cytokine release.  

Splenocytes from both BYL-719 and BKM-120-treated animals had increased capacity to 

secrete IFN-γ compared to splenocytes from the control group (Figure 6.5E).  Splenocytes 

from BKM-120-treated animals also produced more IL-4 than splenocytes from control or 

BYL-719-treated animals (Figure 6.5F).  Cumulatively, these data suggest that PI3K 

inhibitors decrease the tumor burden of DTG mice while simultaneously preserving 

immune system function. 
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Figure 6.5 PI3K inhibitor treatment reduces tumor burden and enhances immune function in a mouse 

model of MCL.  

(A) DTG mice were treated with PI3K inhibitors for 4 weeks.  At 15 weeks, (B) body weight and (D) spleen 

weight were measured.  (C) Histology samples were taken from the spleen and stained with H&E for analysis.  

Recovered splenocytes were cultured with stimuli for 48 hours and production of (E) IFN-γ and (F) IL-4 

were measured by ELISA. Statistical significance determined by One-way ANOVA. n=5 mice/group 
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6.4.5 PI3Ki do not influence CAR-NKT cell mediated cytotoxicity 

 Our results thus far have indicated that PI3Ki do not enhance the immunogenicity 

of MCL to NKT cells, but they are cytotoxic against MCL and they do not inhibit immune 

cell function.  We tested their use as a potential combination therapy with CAR-NKT cells, 

which have shown efficacy against B cell lymphomas previously (195,196).  Expanded 

primary human NKT cells were stimulated and transduced with an anti-CD19 CAR 

retrovirus.  We used mock transduced and a GFP-produced retrovirus as controls.  As 

before, Jeko-1 (Figure 6.6) and SP-53 (data not shown) were pretreated with BKM-120 or 

BYL-719, washed to remove excess PI3Ki, and co-cultured with CAR-NKT or control 

NKT in the presence or absence of α-GalCer for 24 hours.  CAR-NKT activation was 

assessed by cytotoxicity (LDH release) and secretion of perforin, TNF-α, and IFN-γ.  CAR-

NKT demonstrated higher cytotoxicity than Mock-NKT or GFP-NKT in the presence of 

absence of α-GalCer (Figure 6.6A,B), although the presence of α-GalCer significantly 

increased the cytotoxicity of Mock-NKT, GFP-NKT, and CAR-NKT cells.  Despite lower 

cytotoxicity, Mock-NKT released significantly more perforin (Figure 6.6C,D) in the 

presence of α-GalCer than GFP-NKT or CAR-NKT, which were approximately equal to 

each other.  IFN-γ secretion (data not shown) mimicked this pattern.  TNF-α (Figure 

6.6E,F) secretion was signficiantly increased by α-GalCer, but did not vary between Mock-

NKT, GFP-NKT, and CAR-NKT.  Finally, BKM-120 (Figure 6.6A,C,E) and BYL-719 

(Figure 6.6B,D,F) pre-treatment did not impact any of the trends observed in cytotoxicity 

or cytokine secretion – highlighting the potential of PI3Ki combination with 

immunotherapies. 
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Figure 6.6 PI3K inhibitors do not influence CAR-NKT cell mediated cytotoxicity.   

Purified human NKT cells, transduced to expressed a CD19 CAR or control, were co-cultured with (A,C,E) 

BKM-120 or (B,D,F) BYL-719 pre-treated Jeko-1 in the presence of absence of α-GalCer.  At 24 hours, 

(A,B) specific lysis was measured by LDH release and (C,D) perforin and (E,F) TNF-α secretion were 

measured by ELISA. 
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6.5 Conclusions 

 These data demonstrate that PI3K inhibition with BYL-719 or BKM-120 is an 

effective treatment for MCL.  PI3K inhibitors were specifically cytotoxic to MCL cell 

lines.  Although activation of NKT cells was not enhanced in vitro, BYL-719 and BKM-

120 did not abrogate NKT cell responses to MCL or the ability to T cells to respond to 

stimuli and secrete cytokine.  In a mouse model of MCL that mimics human disease, PI3K 

inhibition resulted in decreased tumor burden and enhance immune function.  From the 

cytotoxicity data, we expected BYL-719 to have the best effect in vivo, but, while BKM-

120 and BYL-719 treated mice had comparably reduced tumor burden, BKM-120 treated 

mice had superior immune function. Despite high expression of p110δ in MCL cells, prior 

research has indicated that CAL-101 has limited efficacy against MCL because p110α is 

also active (202).  This could explain why the pan-inhibitor, BKM-120, had the best 

efficacy in vivo.  Finally, we assessed the ability of PI3Ki combination therapy with CAR-

NKT cells and found that, although these treatments do not synergize in vitro, they do not 

inhibit each other either.  Collectively, these data suggest that PI3K inhibition could be an 

important addition to the MCL therapy regimen.  Our results agree with other basic science 

and clinical trial publications asserting that PI3K inhibition can be useful when the cancer 

is known to express aberrantly activated PI3K, but will be most effective in combination 

therapies rather than as a single agent(176,204). 

 The FDA has recently approved multiple new treatments including new Btk 

inhibitors (ibrutinib and acalabrutinib), lenalidomide (an immunomodulatory agent), and 

Bortezomib (a proteasome inhibitor) (171).  Although PI3K inhibition is unlikely to be a 

silver bullet for MCL treatment, it shows promise for combination therapy – especially 
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immunotherapy combinations (175).  Rituximab, a monoclonal antibody directed against 

the B cell marker CD20, is the only approved immunotherapy for MCL.  Rituximab can 

kill B cells primarily through CDC and ADCC.  Because ADCC is mediated by other 

immune cells such as NK cells, immune function is important for rituximab efficacy.  Of 

the four recently FDA approved treatments, two (lenalidomide and bortezomib) are 

immunomodulatory.  The mechanism of action for lenalinomide in MCL was recently 

reported to be enhanced MCL killing by NK cells(205,206).   Other papers have also shown 

synergism between lenalidomide and Rituximab and CAR-T therapies (207,208).  As a 

proteasome inhibitor, bortezomib should impact antigen processing and presentation of 

Class I peptides, potentially altering the activation of NK and CD8 T cells.   Bortezomib 

treatment enhanced CTL killing in a mouse model of renal cell cancer (209).  A recent 

paper has demonstrated synergism between bortezumib and PI3K inhibition in diffuse large 

B cell lymphoma (210).  These immunomodulatory agents would be ripe for combination 

with PI3K inhibitors.  While Btk inhibitors initially have high clinical efficacy, escape 

tends to occur and is partially contributed to PI3K activity.  Due to its position upstream of 

Btk in the signaling cascade, PI3K activity can bypass Btk inhibitors by upregulating other 

downstream signaling pathways without Btk (200).  At the 2018 ASCO meeting, data 

presented on a clinical trial of ibrutinib/buparlisib combination therapy (NCT02756247) 

indicated that 13/18 patients achieved objective responses with the combination treatment 

(173).  These promising new pro-immunotherapy combinations provide an excellent future 

for PI3K inhibition in the treatment of mantle cell lymphoma.  
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Chapter 7: Conclusions and Future Directions 

7.1 NKT cell development and function under homeostatic conditions 

 In order to therapeutically treat NKT cell dysfunction in cancer, we must first 

understand NKT cell development and function under homeostatic conditions. An 

intriguing idea in this regard, which I explored in the first part of my dissertation, was 

whether genes wherein heritable mutations are known to predispose to tumors are also 

involved in NKT cell development (or homeostasis).   In Chapter 3, we sought to assess 

the impact of BRCA-1 mutation on NKT cell development following up on an observed 

decrease in population size (Figure 3.5) and specifically stage 3 NKT cells (Figure 3.6). 

A careful analysis, accounting for all background polymorphisms using extended 

backcross of the mice, allowed us to categorically rule out a role for this specific BRCA-1 

mutation in NKT development. In this process, we discovered that the phenotype observed 

in the original mice was due to natural polymorphisms between inbred strains (Figure 

3.10).  Because the original BRCA-1 mutant mice had a mixture of genetic backgrounds 

involving both C57BL/6 and FVB/N, we re-established BRCA-1, MMTV-Cre mice 

(Figure 3.14) in a homogenous C57BL/6 background. We also assessed NKT cell 

development in the parent backgrounds of C57BL/6 and FVB/N mice. While the re-

established BRCA-1, MMTV-Cre mice had a reduced thymic NKT cell percentage, similar 

to the original BRCA-1 mutant mice, NKT cells from FVB/N mice had a similar reduction 

in NK1.1 expression.   

 During the timeframe of the research presented herein, the NKT cell developmental 

paradigm shifted drastically.  NKT cell development was initially stratified linearly into 

stages 0-3 by the expression of CD24, CD44, and NK1.1 (78).  Due to the predominant use 
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of C57BL/6 mice in early NKT cell research, stage 3 cells with a strong TH1 bias and 

cytolytic capabilities were identified as mature NKT cells because the majority of C57BL/6 

NKT cells are stage 3 (84,95).  Eventually, it was discovered that stage 2 encompasses 

mature NKT cells with a TH2 (NKT2, co-expression of Gata3) and TH17 (NKT17, co-

expression of RORγt) phenotype, while stage 3 is predominantly NKT1 (co-expression of 

Tbet) (96,97,100,132).  This model transitioned into the branching model of NKT cell 

development in which an NKT precursor (NKTp) differentiates into NKT1, NKT2, and 

NKT17 (98).  The branching model of NKT cell development is supported by multiple 

studies.  Single cell RNASeq of stage 0, NKT1, NKT2, and NKT17 populations indicated 

the potential presence of an NKT precursor stage within the NKT2 population (128).  Bulk 

RNASeq of NKTp, NKT1, NKT2, and NKT17 populations has verified that these are 

distinct subsets and that the NKTp transcriptome lacks expression of effector molecules, 

such as cytokines and cytokine receptors, unlike NKT1/2/17 (130).  Both studies agree that 

the NKTp population expresses similar cell surface markers to NKT2, but its transcriptome 

is dominated by cell cycle and Myc-driven genes.  Although the NKT cell population from 

the original BRCA-1 mutant mice was not analyzed for NKT1/2/17 subsets, the 

characterization of NKT cell subpopulations from FVB/N mice demonstrated the subset 

alterations expected with decreased stage 3 NKT cells – namely, decreased NKT1 and 

increased NKT2 and NKT17 populations (Figure 3.15). 

 Although the impact of mouse strain on immune responses has been recognized for 

decades, the source of these differences remains undefined.  Balb/c and C57BL/6 mice 

stereotypically mount TH2- and TH1-skewed immune responses, respectively.  This 

observation in conventional T cells is recapitulated in NKT cells with Balb/c and C57BL/6 
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mice maintaining their places on opposite ends of the spectrum (99).  Interestingly, Balb/c 

and C57BL/6 mice produce similar numbers of NKT1 cells, but Balb/c have increased 

NKT2 and NKT17 as well.  Likewise, in our comparison of FVB/N and C57BL/6 NKT 

cells, we found that FVB/N mice had an equal or greater number of NKT1 cells in addition 

to significantly more NKT2 and NKT17 cells (Figure 2.3).   

 The branching model implies that all NKT cells, regardless of TCR composition, 

become NKT1, 2, and 17.  In agreement with this concept, experiments creating TCR 

transgenic mice from Vα14 NKT TCRs demonstrated that monoclonal TCRs produce all 

NKT subsets – although the percentage of each subtype varied by TCR (101,121).  Multiple 

mouse models with mutant Zap70, one of the central proteins in TCR signal transduction, 

have shown that decreased Zap70 signaling increases the NKT1 population – indicating 

that TCR signal strength impacts subset differentiation (102,211).  Higher avidity TCRs, 

such as those using Vβ7, skew to higher NKT2 populations, correlated with increased CD5, 

Egr2, TCR, CD3, and Nur77 expression.  Concomitantly, FVB/N NKT2 and NKT17 cells 

had increased Egr2 expression compared to C57BL/6 (Figure 3.18).  As discussed at the 

end of Chapter 3, possible contributing factors to this skewing include slightly reduced 

CD1d expression on DP thymocytes and altered TCR repertoire (119,212).  Specifically, 

FVB/N mice lack Vβ8 – the most commonly used TCR β chain in C57BL/6 NKT cells and 

the β chain that confers a lower avidity to CD1d:antigen (118).  Therefore, although the 

TCR avidity plays a distinct role in subset differentiation, it is not be the only deciding 

factor.   

 The influence of the thymic environment on NKT cell development is only starting 

to be explored.  NKT cells impact the development of IELs and maintenance of medullary 
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thymic epithelial cells by production of IL-4 and RANKL, respectively (99,213).  

However, the impact of the thymic environment, especially cytokine milieu, on NKT cell 

development is less extensively characterized.  IL-7 and IL-15 signaling have both 

demonstrated importance in overall NKT cell survival and proliferation, but IL-15, along 

with its downstream signaling components, RelA (NF-κB member) and Tbkbp1 

(autophagy promoter), is the only cytokine that has shown the potential to alter NKT cell 

subset differentiation, with a specific decrease in stage 3 NKT cells in IL-15 KO mice 

(104,214,215).  Similarly, dampening of IL-2/7/15 cytokine signaling by deletion of Shp1 

increased NKT2/17 development (105).  Therefore, NKT cell development and subset 

differentiation is influenced by a combination of signals, including TCR avidity and 

cytokines. 

 Given that NKT cells become mature, effector cells during thymic development, 

environmental cues induced during development could strongly affect their effector 

functions. Chapter 4 delved into parameters affecting the activation of thymic NKT cells 

and highlighted differences between NKT cell subtypes.  Stage 3 (equated to NKT1 in 

C57BL/6 mice) cells committed to proliferation less frequently and divided less when they 

did proliferate compared to stage 2 NKT cells (associated with NKT2/17 cells) (Figure 

4.10). In the absence of CD28 costimulatory signaling, proliferation of both stage 2 and 

stage 3 cells decreased, but stage 3 NKT cells were evenly less likely to commit to 

proliferation (Figure 4.12).   

 Although the branching model of NKT cell development suggests rigidity in NKT 

cell function, significant plasticity has also been demonstrated.  Our own experiments 

demonstrated changes in the pattern of PLZF expression (Figures 4.15 & 4.16), with 
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increased expression in both stage 2 and stage 3 NKT cells with stimulation and the 

formation of a PLZF low, NK1.1 negative population – not usually present in C57BL/6 

mice.  These changes also made subset stratification by transcription factor expression 

impossible after stimulation.  A significant number of NKT cells can produce both IFN-γ 

and IL-4 (101,106,216).  Similarly, IL-17 producing NKT17 cells can produce IL-4, but 

not IFN-γ (217).  However, NKT2 cells cannot produce IFN-γ or IL-17.  In addition to IL-

4, all NKT subsets have been shown to secrete IL-10 and IL-13.  Therefore, the rigidity of 

NKT1 to NKT2 is not as severe as in TH1/2 in which active repression of the other occurs 

by epigenetic modifications (218).  Indeed, single cell and population RNASeq have 

indicated that NKT cell subsets are more similar to innate lymphoid cells (ILC) and γδ T 

cells than their T helper counterparts (130).  The plasticity of these cells reinforces the need 

to fully characterize and identify differences in their activation parameters. 

 Although NKT cells have been stereotypically positioned to activate the immune 

system against pathogens and cancer, there is increasing evidence that NKT cells play a 

regulatory role.  One indication of this regulatory role is the alteration in cytokine 

production based on tissue of origin which aligns with the concept that tissues influence 

the immune response (101,129).  In agreement with cytokine production tailored to the 

tissue residency, recent research has indicated that thymic NKT cells are predominantly 

resident with CCR7+ NKTp emigrating from the thymus and differentiating in the 

periphery (98). This discovery harkens back to early research indicating that the majority 

of NKT cells emigrating from the thymus were stage 2 (84).  Additionally, NKT cells 

produce regulatory cytokines such as IL-10 in a stimulation dependent manner (106).  

Specifically, NKT cells produce IL-10 when receiving TCR stimulation alone but not when 
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stimulated by PAMPs.  The behavior of thymic resident NKT cells is a prime example of 

the regulatory capabilities of NKT cells.  In addition to cytokine production that reinforces 

the production of IELs and maintains the thymic epithelium, NK1.1+ NKT cells can 

directly kill thymocytes using FasL (219).  NKT cells also use their cytolytic abilities to 

curb inflammatory responses.  Activated NKT cells upregulate Fas and FasL and curb their 

own impact via activation induced cell death (AICD) (147).  In a similar vein, NKT cells 

have been shown to express PD-L1, a ligand for the inhibitory receptor PD-1, giving them 

the potential to slow down T cell responses.  Finally, we found that thymic NK1.1+ NKT 

cells have a higher threshold for activation than their NK1.1- cytokine-producing 

counterparts (Figure 4.10) – indicating additional levels of regulation. 

 In summary, although NKT cells were at one time thought to be a homogenous 

population, we now know that NKT cells are composed of diverse populations that function 

differently.  During development, NKT cells differentiate into NKT1, NKT2, and NKT17 

effector subsets. The distribution of these subsets is dependent on many genetic factors, 

including TCR usage, cytokine stimulation, intracellular signaling, and other unknown 

factors, as evidenced by stark differences between mouse strains (Chapter 3).  Originally 

thought to mirror the T helper subsets, it is now known that NKT1, 2, and 17 more closely 

resemble other innate-like lymphocytes, including ILCs and γδ T cells.  NKT cells have an 

emerging role in tissue homeostasis and regulation as demonstrated by cytokine secretion 

that varies by subset and tissue of origin.  Importantly, these subsets have different 

activation parameters, as revealed by the increased activation threshold of NKT1 (Chapter 

4), that should be considered and exploited for immunotherapies.     
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7.2 Therapeutic targeting of NKT cells for cancer immunotherapy 

 Given that the goal of cancer immunotherapy is to induce direct killing of cancer 

cells, a strong TH1/cytolytic response is required for effective cancer immunotherapy (4).  

As reviewed in Chapter 1.2.2, NKT cells play a valuable role in cancer 

immunosurveillance and are being actively explored for use in cancer immunotherapies.  

However, NKT cell- based immunotherapies have been met with limited efficacy both in 

human trials (Chapter 1.2.3).  Although NKT cells can be actively inhibited by the 

immunosuppressive tumor microenvironment (Chapter 1.2.3), many cancer patients have 

functional NKT cells despite having numerically-reduced populations (57). Although quite 

a few studies have indicated the proclivities of different NKT cell subsets to produce a 

TH1/cytolytic response (91,92,94,106,220), the heterogeneity of the NKT cell population 

has predominantly been ignored in cancer immunotherapy with all NKT cells being treated 

as NKT1.  According to our results in Chapter 3, the distribution of NKT cells into subsets 

is impacted by genetics.  In addition to baseline testing to ascertain NKT cell function, 

NKT cell subset distribution must also be assessed.  As demonstrated by our data in 

Chapter 4, NKT1 cells have the highest activation threshold of the NKT subsets.  

Therefore, it is not surprising that DC-based vaccines, which have optimal NKT cell 

stimulation parameters, have had the highest efficacy.  Indeed, increasing the avidity of the 

TCR for the CD1d:Antigen complex by altering the glycolipid enhances TH1 responses 

(221–224).  However, the current use of α-GalCer in DC vaccines would activate NKT2 

and NKT17 as well, and may influence the activity of NKT1 cells (52,225).  Therefore, a 

more targeted approach is needed.  In Chapters 5 and 6, we explored the response of 

healthy NKT cells to breast cancer (BC) and mantle cell lymphoma (MCL), respectively.  
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Although PI3Ki treatment of MCL and CFM treatment of BC did not enhance 

immunogenicity to NKT cells, we did find that PI3Ki are good candidates for combination 

immunotherapy. 

 Although a canonical characteristic of NKT cells is their cytotoxicity, the precise 

method of this cytotoxicity is unknown.  Importantly, both RNASeq and protein expression 

results have indicated that NKT1, but not NKT2 or NKT17, cells are cytotoxic 

(94,128,130,217,226).  NKT cells from mice and humans upregulate FasL, TRAIL, and 

perforin/granzyme upon stimulation (186,227).  Dependency on FasL and CD1d 

engagement for efficient killing of cancer cells has been demonstrated with murine and 

human NKT cells (38,185,228,229).  However, NKT cells have also demonstrated Fas-

independent, NK cell-like killing via degranulation, as evidence by secretion of perforin or 

granzyme, and surface expression of CD107a that can be TCR-dependent or independent 

(37,186,230–232).  There is evidence that different subsets of NKT cells might kill targets 

using different mechanisms, with CD4+ NKT cells expressing higher FasL and CD4- NKT 

cells expressing NK cell cytotoxicity markers such as NKG2D and perforin (92,233,234).  

In NKT cell-mediated cytotoxicity against MCL, perforin release did not always correlate 

with cytotoxicity, as demonstrated by increased cell death, but decreased perforin release 

with CAR-NKT compared to Mock-NKT (Figure 6.6) – indicating another method of 

killing.  Additionally, CAR-NKT killing increased in the presence of α-GalCer – agreeing 

with prior studies that CD1d-mediated activation enhances killing.  As seen in our BC 

model (Figure 5.3), many cancers express low levels of CD1d and do not express 

costimulatory markers – highlighting the need for TCR-independent cytotoxicity.  Despite 

NKT1-specific expression of many NK cell markers, NKG2D is the only marker shown to 
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positively impact NKT cell cytotoxicity (217,235,236).  In light of the need to specifically 

activate NKT1 cells in cancer immunotherapy, elucidating the impact of NK cell markers 

on NKT cell cytotoxicity is imperative.  

 As detailed in the previous section (Chapter 7.1) and in Figure 7.1, NKT cells 

develop into mature effector cells during thymic development and the distribution between 

effector subtypes has a genetic component (Chapter 3).  NKT cell activation (Chapter 4) 

in response to CD1d:antigen varies by subtype with NK1.1- stage 2 NKT cells possessing 

a lower activation threshold and NK1.1+ stage 3 NKT cells being more resistant to 

activation. Therefore, cytokine-producing NKT2/17 cells respond at a higher frequency 

than cytolytic NKT1 cells.  Importantly, the regulatory nature of NKT cells indicates that 

in addition to production of inflammatory cytokines, many NKT cells also produce 

regulatory cytokines such as IL-10. This dichotomy is enhanced by suboptimal activation 

parameters, such as those seen in cancer (Chapters 5&6).  Decreased costimulation 

significantly impacts the activation of cytolytic NKT1 cells.  Therefore, in order to enhance 

the use of NKT cells in cancer immunotherapy, more research needs to be done on specific 

activation of cytolytic NKT1 cells. 
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Figure 7.1 Effective incorporation of NKT cells in cancer immunotherapy must take into account the 

heterogeneity of the NKT cell population.   

NKT cell effector function is determined during thymic development with influence from the thymic 

microenvironment, intrinsic TCR signaling, and genetic factors.  During homeostatic activation, NKT cells 

have immune potentiating and immunosuppressive effector functions. Cytolytic NKT1 cells having the 

highest activation threshold, expanding less than the NKT2 and NKT17 subsets.  Increased dependency on 

costimulation and strong CD1d stimulation henders NKT1 responses in cancer which notortiously have 

decreased positive stimulation and increased inhibitory factors. 
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7.3 Future outlook and outstanding questions 

 The data presented herein raises many possibilities for future work.  The stark 

differences in NKT cell development by strain background bring into question the factors 

that influence NKT cell population size and differentiation.  NKT cells from FVB/N mice 

are of particular interest due to their interesting immunological features – namely germline 

deletion of the Vβ8 chain.  Could this deletion be responsible for the drastic differences 

between FVB/N and C57BL/6 differentiation?  Despite being considered to be a TH2-

skewed model, NKT cell cancer immunotherapy in FVB/N models has demonstrated 

success.  What are the roles of NKT2 and NKT17 in anti-tumor immunity?  The distinct 

differences observed in proliferation kinetics in the thymic NKT cell subsets raises 

questions of both subset differentiation and effector function.  Does the increased 

expansion of NKT2 and NKT17 indicate that fewer clones are selected but expand more 

(do they have more homogenous TCR repertoires than NKT1)?  Are NKT1 cells slow to 

proliferate but produce more cytokine?  Is the heightened requirement of NK1.1+ NKT 

cells for CD28 costimulation a regulatory mechanism? Do NKT cells activated in the 

absence of CD28 signaling produce immunoregulatory cytokines instead of pro-

inflammatory cytokines?  What signals optimize NKT cell mediated cytotoxicity? What 

are the purpose of NK cell markers expressed on NKT1 cells and can they be exploited for 

tumor cell recognition?  
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