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Abstract
Title of Dissertation: Delineating the Role of NKT cell Activation in B cell Lymphoma
Michael Lee, Doctor of Philosophy, 2020
Dissertation Directed by: Tonya J. Webb PhD, Associate Professor, Molecular
Microbiology and Immunology
Natural Killer T (NKT) cells play an important role in cancer surveillance and can
reduce lymphoma burden in vivo; however, a hallmark of cancer is its ability to evade
immune surveillance. Our goals were to elucidate novel mechanisms utilized by B cell
lymphoma to evade NKT cell-mediated immune surveillance and determine the prognostic
potential of assessing NKT cell function in lymphoma patients. We found that knockdown
of sphingosine kinase 1 (SK1) in human lymphoma cells results in a significant increase in
CD1d-mediated NKT cell activation. Lipidomic and co-culture studies identified
cardiolipin as being upregulated in SK1 knockdown cells and implicated cardiolipin as an
NKT cell-specific cancer neoantigen. We also sought to determine the efficacy of NKT
cell-based therapy on survival and the induction of anti-tumor immune responses in a
mouse model of B cell lymphoma. We found that activation of NKT cells via early
administration of α-galactosylceramide (α-GalCer) only provided modest protection. Our
data suggest that the lack of protection is due, at least in part, to the expansion of myeloidderived suppressor cells in α-GalCer-treated tumor bearing mice. Lastly, we sought to
identify novel immunological biomarkers in lymphoma patients. It was found that
lymphoma patients have a reduction in NKT cell function compared to healthy donors.
Furthermore, lymphoma patients have significantly higher levels of both pro- and anti-

inflammatory cytokines in their sera compared to healthy donors. In addition, lymphoma
patients who experience relapse have significantly reduced NKT cell function in the blood,
compared to lymphoma patients who did not relapse. Collectively, our studies demonstrate
the multifaceted role NKT cells play in immune responses to B cell lymphoma and will
help inform the next generation of cancer immunotherapy.
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The goal of this dissertation will be to delineate the role of Natural Killer T
(NKT) cells in defense against B cell lymphomas. This chapter will provide background
on the structure of the immune system, an overview of B cell lymphoma and its impact
on human heath, a primer on immunotherapy, and highlight the potential roles of NKT
cells in cancer.
1.1.

Overview of the immune system
The immune system is divided into two arms, the innate and adaptive immune

system.1,2 The innate immune system is composed of several different cell types such as
neutrophils, basophils, eosinophils, macrophages, natural killer (NK) cells, and dendritic
cells (Figure 1.1). The innate immune system recognizes hazards through the use of

Figure 1.1. Cells of the innate and adaptive immune systems.
The innate immune system responds rapidly in response to danger and utilizes a variety of cells. The
adaptive immune system responds more slowly and utilizes two main cell types: T cell and B cells. Some
cells possess properties of both the innate and adaptive immune system, such as NKT cells that can respond
rapidly but possess TCRs.
Reprinted under license number 4813690712378; G. Dranoff. Nature Reviews Cancer, 2004.
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pattern recognition receptors (PRRs). PRRs are germline-encoded receptors that bind
pathogen associated molecular patterns (PAMPs) or damage-associated molecular
patterns (DAMPs).3 Once the PRRs are engaged, the innate immune system responds
rapidly (minutes to hours) through a variety of mechanisms including phagocytosis,
induction of effectors, and secretion of chemokines and cytokines, chemical signals that
serve to recruit and activate more immune cells. In addition to rapidly responding directly
to the threat, the innate immune system has the crucial role in informing and activating
the adaptive immune system.4
The adaptive immune system is composed of two main cell types: T cell and B
cells (Figure 1.1).1 These cells recognize threats utilizing T cell receptors (TCRs) and B
cell receptors (BCRs). However, unlike the PRRs of the innate immune system, TCRs
and BCRs are randomly generated during lymphocyte ontogeny and are unique to each T
or B cell. During an immune response, antigen presenting cells (APCs), such as dendritic
cells (DC), phagocytose or pinocytose antigens and become activated due to danger
signals (PAMPs, DAMPs, cytokines). This leads to the upregulation of major
histocompatibility complex (MHC) molecules and co-stimulatory molecules. The APC
then travels from the site of damage to lymph nodes or other secondary lymphoid tissues
in search of T cells with a TCR that binds to the specific peptide:MHC complex
presented on the surface of the APC.
There are two types of T cells, CD4+ (helper T cells) and CD8+ (cytotoxic T
cells), which recognize peptide antigens presented on MHC I or MHC II, respectively.
During a first response against a threat, an APC must activate a naïve T cell, which then
differentiates into an effector T cell that traffics back to the site of damage where it exerts

2

its protective effects. In addition, activated T cells can also facilitate the activation of B
cells, which can then differentiate into antibody-secreting plasma cells to further assist in
the immune response. Once the damage is cleared and homeostasis is restored, T and B
cells can become memory cells. Whereas naïve T and B cells take days to differentiate
into effector cells, resulting in a delayed primary against a particular invader, memory
cells are able to rapidly differentiate into effector cells upon subsequent exposure to the
same threat. Adaptive memory thus allows the immune system to learn from initial
exposures and more effectively control subsequent ones, forming the basis of vaccines.
The innate and adaptive immune systems work efficiently together due to their
unique properties. The innate immune system responds rapidly in a non-specific manner
utilizing PRRs to quickly eliminate the majority of threats. In situations where the innate
immune response is sufficient to clear disease, the adaptive immune system can respond
in a highly antigen-specific manner and establish memory, often resulting in memory that
will protect the host against future instances of the threat. While the distinction between
the innate and adaptive immune system is clear for the majority of cells, there are unique
cell types that possess qualities of both the innate and adaptive immune systems, such as
Natural Killer T (NKT) cells (Figure 1.1).1
1.1.1. Discovery and characterization of NKT cells
In 1987, three independent studies were published demonstrating a unique
population of mature CD4-/CD8- αβ+ T cells that express a single Vβ segment and
secrete large amount of the cytokine IL-2 following chemical stimulation with PMA and
ionomycin.5–7 Subsequent studies found that these CD4-/CD8- αβ+ T cells secreted large
amounts of other cytokines, including IFN-γ and IL-4, as well as express the cell surface

3

marker NK1.1, previously only thought to be expressed on NK cells, and showed predominant usage of the Vβ8.2 segment.8–10 In addition, these cells were absent in β2microglobulin deficient mice, suggesting they were MHC class I restricted despite a lack
of CD8 expression, being only CD4+ or CD4-/CD8-, which contradicted what was
known about T cell restriction at the time (CD8+ T cells are MHC class I-restricted and
CD4+ T cells are MHC class II-restricted).11–13 While the early studies were all
conducted in mice, it was also found that a homologous population of CD4-/CD8- and
CD4+/CD8- αβ+ T cells that express NK cell markers and are restricted to utilizing the
Vα24-J α18 and a limited set of Vβ fragments existed in humans, and the name NKT cell
was finally introduced to describe this unique population of T cells.14,15
1.1.2. NKT cell function
It is now known that NKT cells, despite having a TCR, do not react with peptide
loaded onto MHC, but instead react to lipid antigens presented on the MHCI-like
molecule CD1d (Figure 1.2). Unlike MHC molecules which present peptides bound into
a groove on their surface, CD1d has two deep pockets in which the acyl chains of lipid
antigens can bind leaving the head group presented to the NKT cell TCR. Chapter 2 will
discuss the structural features of lipid antigens loaded onto CD1d.
NKT cells are innate-like T cells, as they possess properties that bridge the
distinction between the innate and adaptive immune systems (Figure 1.1). NKT cells can
be stimulated both through their TCR, via lipid antigens presented on CD1d, through
PRRs akin to cells of the innate immune system, and through cytokines (IL-12 and IL18). In addition, unlike conventional T cells that require an initial priming step, NKT
cells are able to secrete large amounts of cytokine immediately upon stimulation.16
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In addition, NKT cells can be divided into subtypes, and further characterized into
distinct subpopulations. NKT cells are first split into either type I or type II NKT cells.
Type I NKT cells, also referred to as invariant NKT (iNKT), have a semi-invariant TCR
consisting of Vα14-Jα18 and Vβ chains of limited diversity, are CD1d-restricted, and react
with the marine sponge-derived glycolipid α- galactosylceramide (α-GalCer). Type II
NKT cells are also CD1d-restricted but have diverse TCRs and do not react to α-GalCer,
but instead react with other self-lipids such as sulfatide. Dr. Shissler and Dr. Webb
recently published an extensive review on NKT cell subsets and their development.17

Figure 1.2. Antigen presentation to conventional T cells and NKT cells.
Conventional CD8+, also known as cytotoxic T lymphocytes (CTLs), and CD4+ T cells, also known as
helper T cells, have diverse TCRs and recognize peptide antigens presented on MHC I or MHC II,
respectively. NKT cells have a semi-invariant TCR that recognizes glycolipid antigens presented on CD1d.
Murine NKT cells also express NK markers such as NK1.1. In addition, NKT cells store premade cytokines
in intracellular granules that allow them to respond rapidly upon stimulation.
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Type I NKT cells can be further subdivided into multiple categories: NKT1,
NKT2, and NKT17 (Figure 1.3).17,18 These categories reflect the type of cytokines they
secrete upon stimulation, with IFN-γ, IL-4, and IL-17 respectively being the classic
cytokines secreted by these different cells. These different subtypes follow the traditional
framework of Th1, Th2, or Th17 type responses found in conventional helper T cells and
innate-lymphoid cells (ILCs). The Th1 subtype is generally considered to be optimized
against intracellular threats such as viruses in addition to tumor cells, while the Th2
subtype targets extracellular parasites, and the Th17 subset specializes against
extracellular bacteria and fungi.19,20 However, unlike conventional T cells which adopt
Th1, Th2, or Th17 properties depending on the cytokines present during their initial
stimulation, NKT cells adopt these properties during their development, further
cementing their nature as an innate-like T cell.17

Figure 1.3. NKT cell subsets.
The three main subsets of NKT cells in mice have distinct defining transcription factors, surface
markers, and cytokines. These subsets closely mirror those found in conventional T cells, with NKT1,
NKT2, and NKT17 roughly corresponding to Th1, Th2, and Th17 cells respectively.
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The early stages of type 1 NKT cell development are identical to conventional T
cells where progress through the four double negative (DN) stages and undergo α and β
chain rearrangement. NKT cell development deviates at the double positive (DP) stage
where they are positively selected on other DP thymocytes via CD1d:TCR and
SLAM:SLAM interactions leading to upregulation of the transcription factor Egr2 and
expression of both CD24 and CD69, referred to as stage 0.21 Recent advances have
suggested that NKT cells the progress to the NKT precursor (NKTp) stage defined by
CCR7 positivity and expression of the NKT master transcription factor, PLZF.22 NKTp
emigrate to the periphery where they directly mature into one of the three NKT cell
subsets (NKT1, NKT2, or NKT17). The factors regulating this maturation are multifaceted and includes both TCR signal strength and cytokine signaling. Increased TCR
avidity results in elevated PLZF expression, likely resulting in differentiation into NKT2
or NKT17 cells.23,24 Additionally, decreased IL-2, IL-7, and IL-15 signaling promotes
NKT1 development.25 However, despite emerging as fully mature effector cells, NKT
cells also show significant plasticity and can produce cytokines not traditionally
associated with their subset depending on the type of stimulus they receive.26
With respect to function in anti-tumor immunity, type I and type II NKT cells
often have opposing roles, with type I NKT cells generating a pro-inflammatory antitumor response and type II NKT cells generating an anti-inflammatory pro-tumor
response.16 Given that the focus of the work presented in this dissertation is on the role of
NKT cells in anti-tumor immunity, we will primarily be concerned with type I iNKT
cells, which we will refer to as NKT cells unless otherwise noted, and their role in
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responding to B cell lymphoma. With that in mind, the next section will provide
background on B cell lymphoma and its current impact on human health.
1.2.

B cell Lymphoma
Lymphoma is a type of cancer in which the tumor cells originate from cells of the

lymphatic system. This includes cancers derived from T cells, B cells, NK cells, etc.
Lymphoma differs from a similar type of cancer, leukemia, in that the primary tumor site
is in the lymphatic system. However, lymphoma can metastasize to sites outside of the
lymphatic system, and may be found in the blood, which is the primary tumor site for
leukemia. Lymphoma is broadly categorized into either Hodgkin’s lymphoma (HL) or
Non-Hodgkin’s lymphoma (NHL). B cell lymphoma refers to any lymphoma in which a
B cell is the original cell that became cancerous. B cell lymphomas make up a large
percentage of lymphomas in general, ~85% of NHL are derived from B cells.27 Within
NHL, there are several subtypes that are named based upon either their morphological
characteristics or specific site within the lymphatic system from which they appeared to
originate (Figure 1.4). These subtypes include diffuse large B cell lymphoma (DLBCL),
follicular lymphoma (FL), mantle cell lymphoma (MCL), marginal zone lymphoma
(MZL), and others that do not fit into these categories, often referred to as NHL not
otherwise specified (NHL-NOS).
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Figure 1.4. Cellular origin of human B-cell lymphomas
Reprinted under license number 485450127189; R. Küppers. Nature Reviews Cancer, 2005.

1.2.1

Lymphoma Burden on Human Health
NHL has been increasing in incidence for the last 40 years with little

improvement in mortality.28,29 In 2019 it is estimated that there were 82,310 new cases of
lymphoma in the United States alone, with NHL accounting for 74,200 of those cases. In
addition, there were 20,970 lymphoma-related deaths in the United States during 2019,
with 19,970 of those deaths attributed to NHL.30 The 5-year survival rate for NHL was
66% in 2019, which may be attributed to the fact that over 50% of patients show
advanced stage tumors at the time of diagnosis.30 This may also contribute to the fact that
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progress has been slow, with an approximately 5.6% change in mortality from 20122016.
In addition to outcomes in NHL being in need of significant improvement, the
demographic impact of NHL is broad. New cases and deaths are relatively even for males
and females, with slightly more new cases (41,090 (5%) vs. 33,110 (4%)) and deaths
(11,510 (4%) vs. 8,460 (3%)) in males.30 In addition, black patients had a similar lower 5year survival compared to white patients (66% vs 72%), with the slightly lower value in
black patients being within the standard error of the study. Black and white patients also
showed a similar distribution of stage at diagnosis. Lymphoma is the 3rd leading cause of
cancer in children 0-14 years of age and the second leading cause of cancer in children
15-19 years old.
Not only does NHL have a poor 5-year survival rate and a broad demographic
impact, including significant mortality in children, but the economic burden of lymphoma
is substantial. A 2018 study followed 1,267 DLBCL and 1,595 FL treated patients from
2008-2015. The healthcare cost of each patient was assessed for a follow-up period of
two years following the time of diagnosis. The study found that the mean cost per-patient
per-month was US$11,890 for DLBCL and US$10,460 for FL.31 While this cost is
already tremendous for any patient to handle, this only accounts for two subtypes of
NHL. The total cost for all lymphoma patients is certainly even greater.
Overall, lymphoma poses a tremendous burden on human health. Its impact is
spread across sexes, multiple races, and all ages. In addition to its direct impact on human
health, lymphoma also poses a great economic impact as well. Combined with the fact
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that improvements in outcomes have been relatively minor in recent years, lymphoma is
in severe need of novel treatment approaches.
1.3.

Cancer immunotherapy and NKT cells
Cancer immunotherapy has recently revolutionized cancer treatment. It aims to

assist the body’s own immune system in recognizing, responding to, and ultimately
killing tumor cells. The effectiveness of cancer immunotherapy begs the question: why is
the immune system unable to prevent cancer on its own? The answer to that question is
complex and multifaceted, but it comes down to the fact that when one manifests clinical
signs of cancer, these malignant cells have already developed the ability to either evade
or actively suppress the immune system. Elucidating the various mechanisms of immune
suppression utilized by tumors will help inform the development of new cancer
immunotherapies and save lives.
1.3.1. How tumors develop
Tumors utilize a diverse range of mechanisms to suppress the immune system.
These mechanisms develop over time as the tumor grows under the selective pressure of
the immune system, a process called immunoediting. Early evidence for the process of
immunoediting came from Shankaran et al. in 2001.32 They found that Rag2-/- mice were
more susceptible to carcinogen-induced tumor development compared to wild type.
However, they found tumors that developed in Rag2-/- mice were rejected to a greater
extent than tumors from wild type mice when transplanted into naïve wild type hosts.
These data supported the notion that while the immune system can protect the host from
tumor development, tumors that manage to develop in immunocompetent hosts are more
resistant to subsequent elimination. It is now generally accepted that there are three main
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stages of immunoediting: elimination (also called immunosurveillance), equilibrium, and
finally escape (Figure 1.5).
The first stage, elimination, occurs when the immune system eliminates newly
transformed cancer-like cells, protecting the host. For example, data from our lab showed
that induction of BCL-xL expression, a pro-survival gene often upregulated early in B
cell lymphomas, results in enhanced activation of NKT cell lines when co-culture in

Figure 1.5. Cancer immunosurveillance
Normal cells can become transformed due to genetic mutations, environmental factors, or infection.
Once they have become transformed, the immune system can respond during the elimination phase
leading to either protection or progression. If the tumor is not eliminated, it can progress to the
equilibrium phase. During equilibrium, genetic instability of the tumor cells combined with pressure
from the immune system results in selection of tumor cells that can ultimately enter the last phase,
escape. During the escape phase, tumors can utilize a variety of mechanisms to avoid immune cell
killing, such as actively suppressing immune cells or passively hiding danger signals that would
otherwise result in immune activation.
Reprinted under license number 1043586-1; J. Swann and M. Smyth. Journal of Clinical Investigation,
2007.
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vitro.33 There are a variety of other mechanisms through which early protection occurs,
and the majority of pre-cancerous cells are likely eliminated at this stage.
However, a cancer cell may acquire the ability to avoid being eliminated by the
immune system. During the equilibrium stage, tumor growth is controlled by the immune
system, so that it cannot grow uncontrollably, but is not completely eliminated. During
this phase, cancer cells have the time to continue to acquire mutations while under
pressure from the immune system. Eventually the tumor can develop the necessary
abilities that allow it to progress to the escape phase.
In the escape phase, the tumor is able to avoid immune destruction. Once the
tumor has reached the escape phase, it will be able to grow uncontrollably and potentially
metastasize to new areas. This uncontrolled growth can then appear as a palpable lump or
it may appear more insidiously, only brought to light as a result of disrupting normal
bodily functions causing the patient to feel sick. Typically, it is not until tumors reach the
escape phase and either present as a visible mass or make the patients feel sick that they
will be noticed clinically.
1.3.2. Evidence of the role NKT cells in the anti-tumor response
A 2002 study demonstrated direct evidence that NKT cells can participate in the
anti-tumor response.34 The study utilized the C57BL/6 TCRJα281-/- knockout mouse,
which is deficient in NKT cells due to the absence of Jα281 (now known as Jα18), a
portion of the NKT TCR. Wild type C57BL/6 and Jα281-/- mice were subcutaneously
implanted with a sarcoma cancer cell line and tumor growth was measured over time.
While the tumors did not grow in wild type mice, they grew well in NKT cell deficient
mice. To confirm that NKT cells were responsible for controlling tumor growth,
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additional studies were conducted in which NKT cell deficient mice received increasing
numbers exogenous NKT cells. The authors observed a concomitant decrease in tumor
growth as the numbers of adoptively transferred NKT cells increased.
It is now known that, in the context of the anti-tumor immune response, NKT
cells can directly and indirectly target cancers (Figure 1.6). They can directly lyse tumor
cells through interactions such as Fas/FasL, TRAIL, and perforin/granzyme.35–37 They
can indirectly target tumor cells through the secretion of large amounts of cytokines, such
as IFN-γ, that stimulate other arms of the immune system to attack tumor cells.38–40 The
unique combination of properties present in NKT cells makes them promising tools to be

Figure 1.6. NKT cell responses to cancer.
NKT cells are able to respond both directly and indirectly against tumor cells. They can respond
indirectly through IFN-γ production and CD40L:CD40 interactions. IFN-γ stimulates dendritic cells to
upregulate CD80/86 and activates both NK cells and cytotoxic T lymphocytes (CTLs). Activated DCs
can go on to further activate CTLs. CD40L:CD40 interactions between the DC and NKT cell activate
the DC and result in IL-12 production, which further activates both NKT cells and CTLs. NKT cells,
NK cells, and CTLs are able to directly kill tumor cells using perforin/granzyme and Fas:FasL.
This work is licensed under a Creative Commons Attribution 4.0 International License (CC BY 4.0) and
reproduced by right of authorship.
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used in cancer immunotherapy. Indeed, studies aimed at boosting NKT cell number and
function using α-GalCer-loaded DCs as a cancer immunotherapy in mice and humans
have found that higher in NKT cell numbers correlate with improved outcomes.41–46 The
next section will cover a portion of the variety of NKT-cell based immunotherapies that
are currently being explored.
1.3.3. Current application of NKT cell-based immunotherapy1
iNKT cells and monoclonal antibody therapies
Progression of cancer to the stage of diagnosis indicates that the cancer has
already undergone extensive immunoediting and has proceeded to the immune escape
phase of immunosurveillance. In other words, cancers evolve to suppress and subvert the
immune response 47. As reviewed by Joyce et al., the tumor microenvironment (TME)
employs hypoxia, reactive nitrogen species, immunosuppressive chemokines and
cytokines, dense extracellular matrix, and Th1-suppressive immune cells, such as
regulatory T cells, myeloid-derived suppressor cells (MDSC), and tumor associated
macrophages, to suppress anti-tumor immunity 48. In fact, NKT cells are frequently
suppressed in cancer patients – displaying decreased cytokine production, cytolytic
activity, and proliferation 49. Inhibitory co-receptor molecules are meant to stop aberrant
immune responses such as autoimmunity 50. This system is termed a “checkpoint”, but
tumors have hijacked expression of molecules such as PD-L1 to suppress and evade the
anti-tumor immune response in humans and mice 51. A key branch of cancer
immunotherapy research is focused on the use of monoclonal antibodies that block

1

Adapted from Shissler, S. C., Lee, M. S., & Webb, T. J. (2017). Mixed Signals: Co-Stimulation in
Invariant Natural Killer T Cell-Mediated Cancer Immunotherapy. Frontiers in immunology, 8, 1447.
This work is licensed under a Creative Commons Attribution 4.0 International License (CC BY 4.0) and
reproduced by right of authorship.
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inhibitory co-receptor pathways (checkpoint inhibitors) and antibodies that engage costimulatory pathways to enhance anti-tumor immunity 52–58.
Two checkpoint inhibitor pathways have been extensively explored: CTLA-4 and
PD-1. CTLA-4 is an inhibitory co-receptor that competes with CD28 for interaction with
CD80/86. PD-1 and PD-L1 are both expressed on NKT cells, but PD-1 engagement with
PD-L1/L2 is inhibitory to NKT cell function. Despite the popularity of CTLA-4
checkpoint inhibitors, research on the effects of α-CTLA-4 on NKT cell activation is
extremely limited. A set of papers from Pilones et al. examining the effects of NKT cells
on an immunotherapy regimen of radiation treatment and CTLA-4 blockade in a BALB/c
breast cancer model 59,60. This immunotherapy regimen is more successful in the absence
of NKT cells due to an increased influx of cross-presenting DCs in the tumor draining
lymph node, but it is important to note that NKT cell activation via α-GalCer
administration was not included in the regimen. There has been slightly more research
on the impact of PD-1/PD-L1 checkpoint inhibitors on NKT cell responses to tumors.
Checkpoint blockade of PD-1 or PD-L1, but not PD-L2, at the time of NKT cell
activation (by α-GalCer) increases cytokine production and cytotoxicity in vitro and in
vivo, decreases NKT cell anergy, B16 melanoma tumor size, and metastatic lesions 61–63.
It is still contested whether PD-1 blockade post-α-GalCer activation can rescue NKT
cells from anergy.
While checkpoint inhibitors have side effects such as autoimmunity, agonistic
monoclonal antibodies against stimulatory co-receptors can cause rampant, destructive
immune activation – making researchers more cautious with their use. Two such
agonists, against members of the TNFRSF, have been explored in conjunction with NKT
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cell immunotherapy: 4-1BB and GITR. In a mouse model of B cell lymphoma, treatment
with α-GalCer-loaded, irradiated tumor cells and α-4-1BB increases overall survival and
tumor-free survival dependent on IFN-γ and KLRG1+ CTLs 64. This immunotherapy
also generates a memory immune response. Another group designed a therapy called
NKTMab which includes α-4-1BB, α-DR5, and α-GalCer or α-C-GalCer (a modified
version of α-GalCer known to skew the NKT cell response to Th1). This combination
immunotherapy causes effective rejection of 4T1 breast cancer tumors in Balb/c mice that
is dependent on CD4+ T cells, CTLs, NKT cells and IFN-γ. They found that α-C-GalCer
was more effective than α-GalCer in a wider range of concentrations 65. The role of
GITR in NKT cell-mediated anti-tumor immune responses has not been not fully
elucidated. In one study, using a C57Bl/6 T cell lymphoma model, NKT cells in GITRKO mice exhibit increased survival compared to WT mice 66. In a B16 melanoma model,
mice treated with an agonistic mAb against GITR (DTA-1) exhibit increased survival that
was dependent on NK1.1+ cells and T cells 67.
Checkpoint inhibitors have excelled in the clinic, but research into their effects on
NKT cells is lacking. Treatment regimens that combine NKT cell activation and
checkpoint blockade or agonistic antibody treatments hold promise for the future.
Modified antigen presenting cells
Antibody treatments can be harsh due to off-target effects. One method of costimulatory delivery is DC vaccines. DC vaccines have been researched and improved
upon for decades, with the first cancer vaccine approved by the FDA in 2010. DCs
provide co-stimulation in a more natural context – thus limiting off-target effects.
Loading DCs with α-GalCer prior to vaccination enhances NKT cell IFN-γ production
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and decreases tumor metastasis in B16 melanoma and Lewis lung carcinoma models 68,69.
In cancer patients, administration of α-GalCer loaded DCs results in sustained NKT cell
expansion and enhanced antigen-specific T cell responses 70. Co-administration of
irradiated tumor cells with α-GalCer or injection of α-GalCer loaded, irradiated tumor
cells enhances NKT cell mediated anti-tumor immune response via DC crosspresentation in plasmacytoma, lymphoma, and B16 melanoma models 71,72. One
vaccination strategy injects α-GalCer-loaded MDSCs – immunosuppressive immune cells
created by the tumor – and demonstrates enhanced survival dependent on CTLs, NK
cells, and NKT cells. This enhanced immunity is due to increased positive costimulatory molecule (CD40, CD80/86) expression on the MDSC cell surface after NKT
cell interaction 73. Pre-treatment of DCs with the Th1, pro-inflammatory cytokine TNF-α
enhances positive co-stimulatory molecule expression such as CD80, CD86, 4-1BBL,
and OX40L. OX40L expression drastically enhances anti-tumor immunity by enhancing
NKT cell activation, cytokine production, expansion, and stimulation of anti-tumor CTL
responses 74. These studies demonstrate the impact of APC modification and how this
influences NKT cell mediated anti-tumor immunity.
Chimeric antigen receptors in NKT cells
In addition to checkpoint inhibition and modified APCs, another unique approach
that takes advantage of the anti-tumor capabilities of NKT cells involves the use of
chimeric antigen receptors (CARs). A CAR is an artificially engineered receptor
containing an extracellular antigen recognition domain attached to an intracellular T cell
activation domain. Traditionally, in cancer immunotherapy, CARs are placed in
conventional T cells and contain an extracellular domain that recognizes a tumor antigen
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along with intracellular CD3ζ and co-stimulatory domains that provide the appropriate
signals needed to fully activate the T cell against the tumor. First generation CARs were
composed of an extracellular single-chain variable fragment (scFv) and a CD3ζ, which
meant they required endogenous co-stimulation for activation. Second and third
generation CARs included one or two co-stimulatory signaling domains, respectively, in
addition to the CD3ζ chain, which eliminated the need for endogenous co-stimulation 75.
However, there are several issues with using conventional T cells in CAR-based
cancer immunotherapy that may be overcome by expressing CARs in NKT cells. One
major complication is graft versus host disease (GVHD). Conventional TCRs are
restricted to the polymorphic MHC 76, which can result in an allogenic anti-host response
by donor T cells. In contrast, NKT cells are restricted to the monomorphic CD1d
molecule. Since CD1d is monomorphic, meaning it is conserved across individuals,
NKT cells can be adoptively transferred without concern for HLA matching 77–79.
Another advantage NKT cells have over conventional T cells is their ability to regulate
off-tumor effects. Several studies have reported that GVHD is exacerbated in CD1d-/- or
Jα18-/- mice and that stimulation of NKT cells can increase anti-leukemia responses
while simultaneously mitigating the severity of GVHD 80,81.
Human and mouse NKT cells have the unique ability to secrete both Th1 and Th2
type cytokines, which may partly explain how they can simultaneously regulate GVHD
and promote anti-tumor immunity 82,83. Lee et al. showed that, in humans, CD4+ NKT
cells were able to secrete the Th2 cytokines IL-4 and IL-13 while DN NKT cells were
able to secrete Th1 cytokines 84. They proposed that this may explain the ability of NKT
cells to facilitate both Th1 and Th2 type responses. A study later conducted by Tian et
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al. showed that stimulation with the combination of CD1d, CD86, 4-1BBL, and OX40L
resulted in the greatest production of Th1 type cytokines by human CD19-specific CARNKT cells containing a 4-1BB co-stimulatory domain 85. A future generation CAR
containing the signaling domains of all these co-stimulatory molecules could be more
effective at generating anti-tumor Th1 type responses.
Despite all the promising reasons to the use CAR-NKT cells in cancer
immunotherapy, there have been relatively few studies completed 86. However, the few
studies that do exist have yielded promising results. In 2014, Heczey et al. generated a
human anti-GD2 CAR-NKT cell to target GD2+ neuroblastoma and found that these cells
were able to localize to the tumor and initiate anti-tumor responses to neuroblastoma in
vivo with no indication of the development of GVHD 87. Two years later, the same group
generated an anti-CD19 CAR-NKT cells 85. CD19 is expressed on B cells and is being
actively explored as a therapeutic target to treat various types of lymphoma derived from
B cells. This study showed that anti-CD19 CAR-NKT cells were able to selectively
target CD19+ cells both in vitro and in vivo. In addition, they identified CD62L+ as a
marker of the most effective CAR-NKT cells due to greater proliferative potential and
enhanced tumor reduction when compared to their CD62L- counterparts 85.
CAR-T cells are emerging as a powerful tool in the field of cancer
immunotherapy. Given the current evidence suggesting that using NKT cells may be
able to overcome some of the problems associated with CAR-T cell therapy (highlighted
in Figure 1.7), further study of CAR-NKT cells, especially revolving around the use of
various co-stimulatory domains to take advantage of their poly-functional cytokine
secretion profiles, should prove rewarding. In addition, there have been other recent
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advances in the ability to isolate and expand human and mouse NKT cells ex vivo for
adoptive transfer that are beyond the scope of this study but will further facilitate the
therapeutic use of these cells 88–90.

Figure 1.7. Functional advantages of chimeric antigen receptor (CAR)-invariant natural killer T
(iNKT) cells compared to conventional CAR-T cells.
The structure of a third-generation anti-CD19 CAR-iNKT cell is depicted interacting with both a target
CD19+ tumor cells and a healthy bystander cell. Third generation CARs have three endodomains that
can be modified to tune the response of the iNKT cell when activated. Similar to conventional iNKT
cells, CAR-iNKT can directly kill tumor cells using Fas:FasL interactions and secretion of
perforin/granzyme. CAR-iNKT cells also secrete stimulatory cytokines, such as IFN-γ, that can license
dendritic cells as well as indirectly activate cytotoxic T lymphocytes and natural killer cells to kill
tumor cells (not depicted). The CAR-iNKT cells is juxtaposed to a similar CAR-T cell to highlight a
few key differences between CARs in iNKT cells and CARs in conventional T cells (differences are
underlined). Skull and crossbones indicate cell killing.
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1.3.4. Areas to inform NKT cell-based immunotherapy: tumor immunogenicity,
NKT cell function, and immune suppressive cells
The field of immunotherapy has grown exponentially since its inception to
include a variety of different approaches. While fields like checkpoint therapy, modified
APCs, and CAR-NKT cells remain as important field of research, with new targets and
more advanced techniques are areas of active research, there are many possible unique
mechanisms that tumors can utilize to ultimately evade immune destruction. In fact,
based on what we know about the immunoediting process, it is expected that a tumor
could eventually acquire the ability to evade any specific immunotherapy. Therefore, it is
imperative that we continue to develop new treatments, expanding the toolbox available
to physicians allowing them to be prepared for new developments.
In order to develop novel treatments, we first need to understand how different
evasion mechanisms work. In the context of NKT cell-based immunotherapy for B cell
lymphoma, this means further exploring how B cell lymphoma can evade NKT cell
recognition and if there is translational potential to humans. Chapter 2 of this dissertation
will review lipid presentation by the CD1 family and altered lipid metabolism in tumors
before bridging the two fields to discuss NKT cell antigens in cancer. Chapters 3 and 4
will discuss two potential mechanisms utilized by lymphomas to evade NKT cellmediated anti-tumor immunity. Chapter 5 will then examine the NKT cell function in
lymphoma patients and determine if it can be used to predict therapeutic outcomes.
Finally, chapter 6 will summarize our findings and discuss how to build on this work in
the future.
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As stated in Chapter 1, NKT cells recognize lipid antigens presented on CD1d.
Significant advances have been made in identifying exogenous, activating lipid ligands
for NKT cells, such as the commonly used α-GalCer. In addition, the identity of
endogenous lipids that serve as NKT cell antigens have also begun to come to light,
although there is still much we do not know. In this chapter, the structure-activity
relationship of NKT cell specific-lipid antigens and CD1d molecules will be discussed
2.1.

CD1d and the CD1 family
Dr. Brutkiewicz and colleagues first recognized in 1995 that mouse NK1.1+ cells

were CD1d-responsive, secreting large amounts of IL-4 in culture with CD1d+ APCs,
which was blocked by the addition of an anti-CD1.1 antibody.91 Two years later, αGalCer was identified as an activating ligand for NKT cells that operated in a CD1d
restricted manner.92
In humans, the CD1 family is divided into three groups: group 1 (CD1a-c), group
2 (CD1d), and group 3 (CD1e). Both groups 1 and 2 present lipid antigens of self or
microbial origin to T cells (Table 2.1).93–96 However, group 3 does not directly present
lipids to T cells, instead it participates in processing sugar residues present on the head
groups of certain lipid antigens for more effective presentation by CD1b. This was shown
utilizing the mycobacterial lipid antigen hexamannosylated phosphatidyl-myo-inositol
(PIM6). It was first noticed that PIM6 loaded DCs stimulated T cells in a CD1bdependent fashion, but that stimulation was lost when CD1b transfected cell lines, which
were CD1e negative, were used as APCs. It was subsequently discovered that PIM6 was
only able to stimulate CD1b-reactive T cells after partial processing of the oligomannose
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residue present on its head group by lysosomal α-mannosidase and this processing
required the presence of soluble CD1e.97

Table 2.1. CD1 antigens and reactive cells
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Group 1 (CD1a-c) presents lipid antigens to a diverse population of T cells.
Interestingly, all group 1 CD1 family members have been shown to present
Mycobacterium tuberculosis derived lipid antigens, which may not be that surprising
given the impact that it has had on human health. However, Mycobacterium tuberculosis
derived lipids may simply be the most extensively studied, leaving open the possibility
that previously identified lipids are found in additional bacterial species and that more
antigens are waiting to be discovered.
CD1a has been shown to present a variety of lipids, including
didehydroxymycobactin lipopeptides. When interacting with CD1a/lipopeptide
complexes, T cells have been shown to discriminate between the lipid and peptide
portions, with responses being directed against the peptide portions of the antigen. CD1b,
discussed earlier, is able to present a variety of different lipids, but their ability to activate
CD1b-reactive T cells can be reliant on CD1e-dependent processing of sugar moieties
present on the lipid head group. CD1c may present the most diverse array of lipid
antigens among the group 1 CD1 family members, having been shown to present both
lipopeptides and a variety of highly branched lipids.98,99 In addition, CD1c can also
present self-lipids, such as methyl-lysophosphatidic acids, which has been shown to
accumulate in leukemia and may be involved in cancer immunosurveillance given the
fact that CD1c-reactive T cells can discriminate between CD1c+ leukemic cells and their
non-cancerous CD1c+ counterparts.100
In addition to functional differences, the CD1 family members also show
differences in expression both within an organism and between species. While MHC
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class Ia molecules are expressed on all nucleated cells, the CD1 family of molecules is
mainly expressed on APCs or CD4/CD8 double-positive thymocytes. In addition, CD1a
is noted for its high expression on Langerhans cells.98 CD1 family proteins have been
identified in both humans and mice along with cows, guinea pigs, rabbits, rhesus
macaques, and sheep.101
One of the more impactful species differences for researchers is between humans,
who express all CD1 family members, and mice, which only express CD1d. However,
unlike humans who only have a single CD1d gene, mice have two CD1d isoforms,
CD1d1 and CD1d2. CD1d2 is in the inverse orientation and its expression was thought
to be due to a duplication event, thus it was traditionally considered to be inactive and
largely unstudied; however, a recent study found that CD1d2 was expressed in certain
commonly used lab strains of mice. Structural analysis found that CD1d2 could not
present α-GalCer but readily presented a modified α-GalCer where the 26 carbon long
acyl chain was truncated to 10 carbons. In addition, it was found that it could present
lipids to NKT cells, albeit to NKT cells with a different TCR repertoire compared to
CD1d1.102 This had a significant impact on the NKT cell field since CD1d1-/- mice were
commonly considered to be NKT cell-deficient given that CD1d2 was considered
inactive. However, this revelation now requires the NKT cell field to look carefully at
older data using CD1d1-/- mice as they may not be NKT cell-deficient, but rather NKT
cell-low with a unique NKT TCR repertoire.
Ultimately, the CD1 family of molecules represents a lipid-surveillance system
paralleling that of the classic MHC/peptide system utilized by conventional T cells.
While the reason they are non-polymorphic is not fully understood, it is clear that they
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can present a diverse array of antigens (similar to classical class I alleles) in addition to
having multiple isoforms. It is possible that organisms like Mycobacterium tuberculosis
might have had a strong influence on the evolution of the CD1 family, providing
additional layers of defense, but it is also clear that they participate in defending the body
from other bacterial species and non-infectious threats, such as cancer. While it will not
be discussed it detail, it is also worth noting the T cells that react to different members of
the CD1 family also show differences in total number and effector function.
2.2.

CD1d-mediated antigen presentation
In order to understand how lipids bind to CD1d, it is important to first consider its

trafficking pattern. There are similarities and differences between the structures of group
1 and group 2 CD1 proteins. We will focus on CD1d given our studies are centered on
the role of CD1d-restricted NKT cells.
Like classical class I molecules, the nascent CD1d α-chain in the endoplasmic
reticulum (ER) (Figure 2.1a) interacts with the chaperon proteins calnexin, calreticulin,
and Erp57 help to ensure proper protein folding.103 The CD1d α-chain then associates
with β2-microglobulin to form a complete CD1d molecule, although some evidence exists
suggesting the CD1d α-chain can be expressed on the plasma membrane independent of
β2microglobulin.104 Microsomal triglyceride transferase (MTP) likely helps to load
endogenous lipids onto the newly formed CD1d in order to stabilize the binding pockets,
although the exact nature of the endogenous lipid is not entirely clear.105 CD1d then
traffics from the ER through the Golgi network to the plasma membrane (Figure 2.1b).
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CD1d then recycles from the PM into endocytic compartments where it
exchanges its loaded endogenous lipid for lipids processed in those compartments before
returning to the PM (Figure 2.1c).106 This process depends on the presence of a tyrosine
based signaling motif as well as the invariant chain.107 The role of invariant chain,

Figure 2.1. Intracellular trafficking of CD1 molecules.
(A) CD1 heavy chains are assembled in the endoplasmic reticulum (ER), where they bind the
chaperones calnexin, calreticulin, and ERp57. They also bind β2-microglobulin non-covalently in the
ER. (B) CD1 molecules then follow the secretory route through the Golgi apparatus to the plasma
membrane. MHC class I and II molecules also assemble in the ER and follow a similar route, with
MHC class II molecules (in complex with invariant chain (Ii)) being diverted from the trans-Golgi
network to the endosomes. (C) CD1 molecules are internalized in clathrin-coated pits via the interaction
of the adaptor complex AP2 with tyrosine-based sorting motifs present in the cytoplasmic tails of CD1.
From the sorting endosome, CD1 molecules can follow two main routes. (D) CD1 molecules such as
CD1a and CD1c can follow the slow recycling pathway, back to the plasma membrane, through the
endocytic recycling compartment. (E) CD1 molecules such as CD1b and mouse CD1d can traffic to late
endosomal and lysosomal compartments via the interaction of AP3 also with tyrosine-based motifs
contained in the cytoplasmic tails of these CD1 molecules. (F) CD1 and MHC class II molecules
recycle from lysosomal compartments to the plasma membrane. During their trafficking, CD1
molecules are thought to be loaded with a lipid molecule.
Reprinted under license number 4854511038156; D. Barral and M. Brenner. Nature Reviews
Immunology, 2007.
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traditionally associated with MHC II, in CD1d trafficking is unclear. CD1d coprecipitates with the invariant chain and invariant chain deficient DCs had reduced
capacity to stimulate self-reactive NKT cells.107,108 Additionally, loss of cathepsin S, an
enzyme involved in invariant chain processing, resulted in altered CD1d trafficking and
defects in CD1d presentation to NKT cells.109 However, invariant chain deficient mice
showed no defects in NKT cell numbers or CD1d-mediated antigen presentation to NKT
cells by primary splenocytes110 The latter finding was subsequently challenged when
invariant chain deficient mice were shown to have reduced thymic NKT cell percentages,
reduced Vβ8+ usage, and defective responses against Mycobacterium tuberculosis.111
After CD1d has been internalized from the plasma membrane with the help of the
adapter protein AP-2, it interacts with another adaptor protein, AP-3, that targets CD1d to
the lysosomal compartments for lipid loading, unlike CD1a and CD1c (Figure 2.1df).110,112 This process is also dependent on the BH3 domain of BCL-XL, loss of which
results in accumulation of CD1d in Rab7+ late endosomal compartments and failure to
progress into acidic LAMP1+ lysosomal compartments.33
Lipid loading onto to CD1d is a complex process that is not fully understood. It is
generally accepted that additional lipid transfer proteins (LTPs), such as saposins A–D,
Niemann-Pick C2 protein, and ganglioside monosialic acid 2 activator protein (GM2AP),
are required to facilitate lipid exchange.113,114 In addition to LTPs, CD1d lipid exchange
is also thought to be highly dependent on the acidic pH of the lysosomal compartment.
Indeed, computational modeling involving molecular dynamics showed that the CD1d
antigen binding site becomes highly dynamic at pH 4.5, representative of the acidic
conditions in late endosomes/lysosomes, which may facilitate lipid exchange. While not
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conclusive, the pair of computational studies provided some structural evidence for the
formation of LTP/antigen/CD1d complexes at acidic pH. In addition, the studies suggest
GM2AP can stabilize the binding site of apo-CD1d (CD1d without a lipid present), which
normally has a collapsed binding site. In combination with the increased plasticity of the
lipid binding at acidic pH, these data suggest a model in which LTPs are able to complex
with and ultimately outcompete CD1d for binding its lipid antigen.114,115 This could allow
the currently loaded lipid to be removed with the CD1d binding site remaining stabilized
and dynamic, thus providing the best conditions for a new lipid to be loaded before
returning to the PM.
In the context of the anti-tumor immune surveillance, CD1d likely obtains
relevant tumor associated lipid antigens during the recycling process. This is trivial for
APCs presenting exogenously obtained tumor antigens, since exogenously obtained
antigens would not be found in the ER where initial lipid loading occurs. However, there
is also evidence that this occurs in tumor cells. Type 1 NKT cells make up the most
important NKT cell subset for promoting anti-tumor immunity. Disruption of the
recycling process through truncation of the tyrosine based signaling motif rendered APCs
unable to activate type 1 NKT cells, although they were still able to activate antiinflammatory type II NKT cells.116 Additionally, there is evidence that the altered
metabolism of tumor cells results in the production of tumor antigens and enhanced
CD1d antigen presentation. Activation of the AMPK pathway and induction of hypoxia
inducible factors (HIF), common in malignancy and infection, using 2-deoxyglucose,
cobalt chloride, AICAR and metformin result in enhanced CD1d mediated NKT cell
activation.117 Similarly, induction of the pro-survival factor BCL-XL, common in early
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tumorigenesis, leads to enhanced CD1d mediated antigen presentation to NKT cells.33
Altogether, these studies support the idea that tumorigenesis results in danger signals, in
the form of tumor-associated lipid antigens, that are loaded onto CD1d during recycling
and subsequently detected by NKT cells during cancer immune surveillance.
2.2.

CD1d lipid loading
Functional CD1d is composed of two components: the heavy chain and β2-

microglobulin, similar to classic MHC I molecules (Figure 2.2A). The heavy chain of
CD1d is composed of three domains: α1, α2, and α3. The α3 domain contains the
transmembrane region and is anchored to the cell membrane. The α1 and α2 domains
combine to form the antigen binding groove. Unlike the relatively wide peptide binding
groove of MHC I, CD1d has a much narrower groove. However, the structure of CD1d
contains two deep pockets below the entrance to the binding groove, which are called the
A’ and F’ pockets and roughly correspond to their shallower counterparts in MHC I
molecules.118 These deep pockets have unique shapes, with the A’ pocket having a long
and curved shape compared to the more short and straight F’ pocket, and are lined with
hydrophobic residues that can stabilize interactions with the hydrophobic acyl chains of
lipid antigens. This structure results in the generally accepted configuration of the
CD1d/lipid complex, with the hydrophobic acyl chains buried deep in the A’ and F’
pockets and the often hydrophilic head group exposed through the narrow binding groove
for recognition by the TCR (Figure 2.2B).
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It is well known that the head groups of lipid antigens play a role in interacting
with the NKT TCR.119,120 A review from the Webb lab highlighted the structural features
of lipid antigen head groups that are not only essential for NKT cell activation, such as an
α-linked sugar moiety, but can bias NKT cells towards either Th1 or Th2 profiles,
referred to as structure-activity relationships (Figure 2.3).94 Interestingly, the acyl chain
structure can also influence a lipid antigen’s ability to stimulate NKT cells, despite not

Figure 2.2. Structure of CD1d.
(A) Illustrations of MHC I, MHC II, and CD1d. The structural domains of each molecule are shown,
highlighting that MHC I and CD1d both utilize β2M. Both MHC I and II present peptides loaded in
their antigen binding grooves. The groove of MHC I is closed, restricting the length of peptides that can
be bound relative to MHC II, which has an open binding groove. CD1d has two hydrophobic pockets,
A’ and F’, that bind the lipid acyl chains while the polar head group is presented on the surface. (B)
Electron density map of the hydrophobic pockets of CD1d bound to the NKT cell antigen α-GalCer.
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License (CC BY-NC-ND 4.0); A. Birkholz and M Kronenberg. Biomedical Jounral, 2015.
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interacting directly with the NKT-TCR. A series of experiments utilizing
phosphatidylethanolamine (PE), a known CD1d-dependent lipid antigen that activates the
24.8.A NKT cell hybridoma, showed that increasing the degree of unsaturation up to 3
double bonds increased both the stability of binding as well as degree of NKT cell

Figure 2.3 Structural features of lipid antigens that impact NKT cell activation.
Reprinted under license number 4854520128052; J. East, A. Kennedy, and T. Webb. Med Res Rev, 2015.
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activation.119 Specifically, the double bonds had to be in the cis configuration. One
possibility is that the cis double bond allows the acyl chain to effectively wrap around the
curve in the A’ pocket. However, another study instead suggested that modulating the
length and saturation of the acyl chain in the F’ pocket, not the A’ pocket, impacted
binding affinity and NKT cell activation, with optimal characteristics being a chain
length of 16-18 carbons and 1-2 unsaturation.121
Lipidomic analysis of the human MCL line SP53 revealed that the majority of
lipid species possessed 16 or 18 carbon long acyl chains, with 24 carbons being the
longest acyl chain detected (Figure 2.4). The A’ pocket can accommodate acyl chains of
up to 26 carbons while the F’ pocket can only accommodate up to 18 carbons. However,
the A’ pocket is known to utilize 16 carbon long spacer lipids that can fill unfilled
portions of the pocket while the F’ pocket does not.122 This could explain the relative
importance of chain length in the F’ pocket compared to the A’ pocket, to neither over- or
under-fill both pockets for optimal binding.

Acyl Chain Length in MCL
Normalized Concentraion

60

Cardiolipin
Lysophosphatidylcholine
Phosphatidylcholine
Phosphatidylethanolamine
Phosphatidylserine
Sphingomyelin

40
20
20
15
10
5
0
14:0

15:0

16:0

18:0

20:0

22:0

24:0

Figure 2.4 Acyl chain length in B cell lymphoma.
The lipid profile of the human mantle cell lymphoma line SP53 was assessed. The normalized
concentration of different acyl chain lengths were assessed for 6 different lipid classes.
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Why then would chain length and unsaturation result in more efficient NKT cell
activation? One possibility is that optimal chain length and saturation not only influence
CD1d binding affinity but also alter the structure of the TCR binding site. This is
supported by evidence that only a partial filling of the F’ pocket by a 9 carbon acyl chain
resulted in collapse of the unfilled portion that lead to a ~2Å shift between residues
Leu139 and Thr154 of the α2 helical domain main chain that makes up an essential
portion of the binding groove. Given the precise nature of NKT TCR recognition, with
the TCR CDR3 sitting parallel above the F’ pocket, any shift in the binding groove
orientation could drastically alter NKT TCR binding affinity.121 Another possibility,
which is not necessarily mutually exclusive with the other, is that unsaturation increases
the efficiency of lipid loading. Double bonds in the cis conformation are much more
flexible than their trans counterparts, which could help the acyl chain bind into the CD1d
pockets more effectively than if they were rigid.119
A third possibility is that acyl chain length has an impact on the type of response,
given the ability of NKT cells to produce a variety of Th1, Th2, and Th17 cytokines, as
opposed to whether there is any functional response. Indeed, a study on NKT cells from
both mice and humans showed that acyl chain length impacted the ratio of IL-4 to IFN-γ
produced, with shorter acyl chains leading to production of more IL-4 (a Th2 cytokine)
than IFN-γ (a Th1 cytokine), possibly due to IFN-γ production requiring a longer
duration of TCR binding facilitated by the more stable CD1d/lipid complex when longer
acyl chains are present.123
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2.3.

The cancer lipidome
This chapter will consider the lipid antigens that may be involved in NKT cell

immunosurveillance of tumors. First, it is worth considering why we would expect
tumors to be able to be identified based on lipid antigens. The idea that tumor cells have a
unique lipidome when compared to healthy cells has long been accepted.124 Tumor cells
have vastly different energy and signaling needs compared to healthy cells, and therefore
would be expected to utilize different types of lipids to accomplish those needs. Indeed,
enhanced de novo fatty acid biosynthesis, referred to as a lipogenic phenotype, is known
to play a role in tumor development, with some going as far to say that it represents a
hallmark of tumors.124,125 De novo fatty acid biosynthesis is intricately linked to tumor
progression through one of the most well-known cancer phenotypes, the Warburg effect.
Described by the Nobel Prize winning scientist Otto Warburg in 1953, the
Warburg effect is the tendency of tumor cells to utilize lactic acid fermentation as
opposed to oxidative phosphorylation even under aerobic conditions.126 The utility of the
Warburg effect for the unique requirements of tumor cells is multi-faceted, but can be
summed up by the idea that even more important to tumor cells than energy production,
of which lactic acid fermentation is less efficient, is the need to make lots and lots of
stuff. This is particularly true for fatty acids, which not only make up a significant portion
of cell membranes in the form of phospholipids, but also lipid signaling molecules,
acylated proteins, etc. As shown in Figure 2.5, by obtaining the majority of its energy
through glycolysis, tumors can utilize citrate from the citric acid cycle to create acetylCoA, the main precursor for fatty acid synthesis, to generate fatty acids instead of
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completing the citric acid cycle.124 These fatty acids can then go on to help build the
array of lipids necessary to support a growing tumor.
The notion that fatty acid biosynthesis is directly involved in promoting cancer
pathogenesis aligns with observations that elevated levels of fatty acid synthase (FAS),
the enzyme responsible for initial generation of fatty acid, correlates with poor outcomes
in breast cancer patients.127 In contrast to normal cells, where the majority of free fatty
acids are obtained from the diet and FAS activity is of little importance, tumor cells
obtain the majority of their free fatty acids through FAS activity.125,128 This has led to
studies targeting FAS for inhibition in tumor models, such as in ovarian cancer, where

Figure 2.5. Fatty acid synthesis in cancer.
The tendency for tumor cells to utilize lactic acid fermentation as opposed to oxidative phosphorylation,
also known as the Warburg effect, allows tumors to utilize citric acid cycle metabolites to generate
other compounds, such as fatty acids, to support the needs of a growing tumor.
Reprinted under license number 4854520400963; Menendez and Lupu. Nature Reviews Cancer, 2007.
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inhibition of FAS resulted in activation of the AMPK pathway and subsequent
cytotoxicity in the SKOV3 human ovarian cancer cell line.129
Further evidence supporting the notion of a lipogenic phenotype correlating with
tumor development came in a 2010 study examining the role of monoacylglycerol lipase
(MAGL) in tumor pathogenesis.130 MAGL hydrolyzes monoacylglycerols in fat stores to
release fatty acids for use in other cellular processes. MAGL overexpression resulted in a
lipid signature consisting of elevated free fatty acids and subsequent complex fatty acids
such as lysophospholipids and phosphatidic acid. Importantly, a loss of cancer
aggressiveness that occurs with MAGL inhibition can be rescued by the addition of
exogenous fatty acids, suggesting that these lipids are playing an essential role in
promoting tumor pathogenesis. In agreement, MAGL levels were later shown to correlate
with tumor formation in human hepatocellular carcinoma (HCC) patients.131
Additionally, these data provide mechanistic support for notion that high fat diets and
obesity are linked to cancer risk.
More details on the composition of the cancer lipidome came in 2017 utilizing a
mouse model where overactive mTORC2 signaling resulted in progressive liver disease
culminating in HCC.132 In agreement with the previous study, tumor development was
dependent on de novo fatty acid synthesis. In addition, the authors found the levels of
more complex lipid species, including both glycophospholipids and sphingolipids, were
elevated in mice progressing towards HCC. As shown in table 2.1, CD1d is able to
present both glycophospholipids and sphingolipids. Together, these data leave open the
possibility that NKT cells participate in cancer immune surveillance by recognizing and
responding to the tumor lipidome.
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If NKT cells can respond to tumor-associated lipid antigens, then we would also
expect fully developed tumors to develop escape mechanisms to evade being targeted by
NKT cells. This could involve several different processes, such as degrading the lipids
before they can be presented or modifying their acyl chains so that they cannot be
presented effectively. In fact, the Webb lab has long held the view that there is a window
of opportunity early in tumor development where tumors are most susceptible to NKT
cell-based immunotherapy. As illustrated in Figure 2.6, this window begins when healthy
cells begin to undergo transformation into tumor cells, perhaps by enhanced expression
of mTORC2 or MAGL as discussed earlier, but still can present tumor-associated lipids.

Figure 2.6. Window of opportunity for NKT cell-based immunotherapy.
As healthy cells undergo early transformation into tumor cells, metabolic changes result in changes in
the lipid profile of the cell. In the early stage, these tumor-associated lipids can be presented by CD1d
on the cell surface to NKT cells, which subsequently respond both directly, through secretion of
effectors like perforin/granzyme, and indirectly, through secretion of inflammatory cytokines, in order
to eliminate the tumor. However, if the tumor is unable to be completely eliminated, reaching the
equilibrium phase, it will acquire further changes that allow for evasion of NKT cell recognition, such
as modification of acyl chain length and altered lipid processing, ultimately preventing activating lipid
antigens from being presented to NKT cells.
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In fact, Subrahmanyam et al. showed that enhanced expression of BCL-xL, an antiapoptotic member of the BCL-2 family of proteins often upregulated in early tumor
development, results in increased NKT cell responses in a B cell lymphoma cell line.33
While the BCL-xL study did not focus on changes in the lipidome with enhanced BCLxL expression, they did find that knockdown of BCL-xL resulted in reduced CD1d
recycling and NKT cell responses. A reasonable conclusion would be that reduction in
CD1d recycling leads to reduced NKT activation because tumor-associated lipids are
unable to be loaded for presentation to NKT cells.
However, if the tumor continues to grow, we hypothesize that the window
ultimately closes with the tumor acquiring the ability to hinder activating tumorassociated lipid antigens from NKT cell surveillance (Figure 2.6). As discussed in detail
in our recent publication (Chapter 3), the enzyme sphingosine kinase 1 (SK1), which is
overexpressed in many different tumors, may participate in tumor cell evasion of NKT
cells responses. Knockdown of SK1 in human MCL cell lines resulted in enhanced NKT
cell responses, suggesting overexpression of SK1 is inhibiting NKT cells responses.133
Further, knockdown of SK1 resulted in a lipid profile characterized by a general increase
in levels of several different classes of complex lipid species, similar to that seen in the
previous mTORC2 and MGL studies. Interestingly, the mTORC2 study was able
measure the expression of several lipids and enzymes, including SK1, over time as the
mice progressed from healthy to HCC. They found that SK1 was unchanged early but
upregulated late in disease progression, coinciding with the emergence of full-blown
HCC.132
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Our knockdown studies revealed evidence for the role of acyl chain length in
tumor recognition by NKT cells. Knockdown of SK1 resulted in a trend towards longer
acyl chain lengths, including a predominance of 16 and 18 carbon long acyl chains, the
optimal length for CD1d loading.121,133 In fact, increased acyl chain length appears to be a
common and potentially targetable trait in lung squamous cell carcinoma.134 In addition,
both hormone receptor-positive and triple-negative breast cancer show overexpression of
some of the enzymes responsible for fatty acid chain elongation.135 When comparing the
two types of breast cancer, it was found that triple-negative, the more aggressive of the
two, actually had lower levels of 16:1 and 18: acyl chains. Given that these are the
optimal chain lengths for CD1d loading, this leaves open the possibility that a portion of
triple-negative breast cancer’s aggressiveness is due to better evasion of NKT cell
responses, something that may be caused by overexpression of enzymes like SK1 late in
tumor development.
We would not expect the majority of tumors in humans to be identified until after
the window has begun to close, unless detected early by preventative screening, since
they would likely not cause significant symptoms beforehand. However, detailing the
interplay between NKT cells and tumors prior to the escape phase will continue to shed
light on the body’s own natural protection mechanisms, allowing us to develop strategies
to support and enhance existing systems. Studies that allow us to monitor the entirety of
tumor development, such as in the mTORC2 HCC mouse study, provide vital
information for future research.
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Now that we have considered the cancer lipidome and general implications for
NKT cell-based immunotherapy, we will next discuss individual lipid species that may
serve as lipid antigens for NKT cell in the cancer lipidome.
2.4.

Lipid antigens for NKT cells in cancer
While there is strong evidence that tumor cells generate lipid species that act as

activating antigens for NKT cells, serving as part of the foundation for how NKT cells
participate in cancer immune surveillance, the nature of these species has not been fully
elucidated. One possible reason is that lipid species often require elaborate maintenance
and measurement techniques, such as a wide array of solvents (DMSO,
chloroform:methanol mixtures, etc.) for maintenance and mass spectrometry for detailed
measurement. Another possible reason is that most studies have been conducted in mice.
However, mouse NKT cells recognize a more limited repertoire of antigens on human
CD1d compared to human NKT cells, leaving open the possibility that some activating
lipids for human NKT cells are not detected depending upon the experimental setup.136
Nonetheless, identifying these antigens will have far-reaching implications,
informing multiple different avenues of research. These include new information on both
NKT cell and tumor cell biology and potential new therapies. With respect to NKT cell
biology, examining the responses of NKT cells to tumor-derived lipids can potentially
illuminate more details on the best type of response against tumors. With respect to tumor
cell biology, working “backwards” to find how these antigens are produced may inform
how cell metabolism is altered by tumorigenesis and novel mechanisms utilized by
tumors to evade anti-tumor immunity. Finally, combining these insights will result in
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novel approaches to cancer immunotherapy as we both interfere with evasion
mechanisms and drive NKT cell activation towards an optimal anti-tumor response.
A 2009 study sought to thoroughly characterize endogenous CD1d ligands.137
They generated a secreted form of CD1d by truncating the cytoplasmic and
transmembrane regions. They then expressed the secreted form of CD1d in the human
HLA class I deficient lymphoblast cell line 721.221. After collecting the secreted CD1d,
lipids were extracted using a chloroform:methanol:water extraction and then
characterized using high-performance liquid chromatography followed by tandem mass
spectrometry (HPLC MS/MS). The identified lipids fell into two broad categories:
phospholipids and sphingolipids (Figure 2.7, Table 2.1). Among the phospholipids,
mono-, di-, and tetra-acylated lipids were identified such as cardiolipin (CL),
phosphatidylcholine (PC), phosphatidylethanolamine (PE), and phosphatidylserine (PS).
Among the sphingolipids, both sphingomyelin and glycosylated sphingolipids (GSLs)
were identified as CD1d ligands.
CL is a tetra-acylated phospholipid that is found in either the cell walls of gramnegative bacteria or in the inner-mitochondrial membrane of eukaryotic cells. In the
mitochondria, cardiolipin stabilizes and helps “lubricate” ATP synthase, the enzyme that
directly produces ATP from ADP.138 CL is known to bind to CD1d and stimulate CD1drestricted γδ T cells in mice and possibly type 2 NKT cell line in vitro.139,140 While a followup study from the same group that identified CD1d ligands did not find that cardiolipin
could stimulate type 1 NKT cells, they utilized a CD1d-Fc fusion system to present to NKT
cells, which may not effectively represent antigen processing in, and antigen presentation
on, a live cell.141 In addition, acyl chain structure has been shown to change the ability of
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phospholipids to bind to CD1d.119 In fact, our recent publication (Chapter 3) found that
cardiolipin was able to stimulate type 1 NKT cell activation; however, the ability of
cardiolipin to activate NKT cells was highly dependent on the acyl chain structure, with
16:1 cardiolipin, but not 18:1 cardiolipin, able to activate.133
While it will be discussed more extensively in chapter 3, it is worth noting that
knockdown of SK1 in the MCL cell line SP53 resulted in increases in several different 16
and 18 carbon long CL species (Figure 2.8 A). This aligns with the HCC study where CL

Figure 2.7. Lipid ligands for CD1d.
The general structures of lipids identified among a pool of CD1d ligands are shown. CD1d lipids fit into
two broad categories: phospholipids and sphingolipids. Within the phospholipid pool, tetra-, di-, and
mono-acylated species were identified.
This work is licensed under a Creative Commons Attribution 4.0 International License (CC BY 4.0); D.
Cox et al. PloS One, 2009.
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was found to be elevated in diseased mice.132 In that study, CL expression was driven by
mTORC2 expression, as a separate model driven by mTORC1 overexpression did not
result in increased CL expression and was not as aggressive in terms of tumor development,
and it was postulated that CL helped improve mitochondrial function to support tumor cell
growth. A last point that was that CL was overexpressed early in tumor development, and
levels decreased prior to HCC formation. While not noted in the original study, this is
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Figure 2.8. Lipid species expression in sphingosine kinase knockdown B cell lymphoma cell lines.
The lipid profiles of the mantle cell lymphoma cell line SP53 and two sphingosine kinase knockdown
lines, SK-KD1 and SK-KD2, were assessed. 16 and 18 carbon species were identified and shown for six
different lipid classes.
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particularly interesting as it aligns with our conclusion that the SK1-mediated decrease in
CL helped to close the window of opportunity for NKT cell recognition by eliminating a
potential activating lipid from being presented to NKT cells.
PC is a di-acylated phospholipid with choline as a head group found in the outer
leaflet of cell membranes. PC stimulates IFN-γ production in a CD1c-dependent manner
to intestinal γδ T cells.142 In addition, the PC derivative lysophosphatidylcholine (LPC),
is part of the lipid network that is upregulated by MAGL, which promotes a tumorigenic
lipid profile.130 We also found that 16 and 18 carbon forms of PC were upregulated in a B
cell lymphoma cell line with knockdown of SK1 (Figure 2.8 C). The fact that LPC is
elevated in early tumors identifies it a promising candidate as an activating antigen for
NKT cells. However, a study in multiple myeloma found that while LPC was indeed
present in human patients, it preferentially stimulated type II NKT cells with a tendency
towards IL-13 secretion.143–145 This is more suggestive of LPC being utilized by cancer
to regulate immune activation in the face of tumor induced inflammation. In agreement,
mTORC2, which is known to promote tumorigenesis, was found to promote the synthesis
of LPC in a mouse model of HCC.132 Interestingly, we found that SK1 knockdown did
not result in an increase in LPC, unlike PC, but may actually result in a decrease in 16
and 18 carbon forms of LPC (Figure 2.8 B). If LPC does indeed lead to an antiinflammatory phenotype, SK1 activity could promote tumor evasion by actually
increasing the intra-cellular levels of LPC. Therefore, while not likely to be a lipid
antigen utilized in anti-tumor therapy, it may be possible to inhibit LPC’s immune
regulatory function to release the breaks on anti-tumor therapy.
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PE is a di-acylated phospholipid with an ethanolamine head group found in cell
membranes where they may play a role in membrane fusion. Similar to PC, both of which
are antigens found in pollen, the effects of PE seem to be mixed. PE is able to activate
murine NKT cell hybridomas, where increased unsaturation of acyl chains facilitates
activation.119,146 In addition, PE is able to activate γδ T cells to produce both IFN-γ and
IL-4.147 However, in another study looking at activation of duodenal γδ T cells found that
PE promoted a more regulatory cytokine profile dominated by IL-4 and IL-13.142 Again,
similar to PC, PE is promoted by mTORC2 and MGL in cancer cells.130,132 PE also
showed a relatively large increase in 16 and 18 carbon species upon knockdown of SK1
in a B cell lymphoma cell line (Figure 2.8 D). Thus, while PE appears to fit as a tumorassociated lipid that could serve as an antigen for NKT cells, the mixed responses it
elicits from NKT cells make it difficult to utilize.
PS is a di-acylated phospholipid with a serine head group found in the cell
membrane where it plays a role in cell cycle regulation and apoptosis. While it has been
found to be a ligand for CD1d, is also included within the lipid network promoted by
mTORC2, and is slightly elevated by SK1 knockdown (Figure 2.8 E), there is not much
evidence for or against its role as an NKT cell antigen in cancer. Interestingly, NKT cells
are known to express Tim-1 and Tim-3, surface receptors that recognize PS on the
surface of apoptotic cells.148 Tim-1 and Tim-3 may provide opposing stimulatory and
inhibitory signals, respectively, providing a TCR independent mechanism for NKT cells
to respond to apoptotic cells.
Sphingolipids are a diverse class of lipids that are of great interest due to their
multi-faceted role in the immune system. In addition to their ability to bind to CD1d and
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potentially act as an antigen for NKT cells, they have been shown to directly play a role
in early development and establishment of NKT cell populations in the colon.149
Sphingolipids are built upon a sphingoid base backbone. The common natural sphingoid
bases are sphingosines, sphinganines, and phytosphingosines.150 The ceramides are the
next level of sphingolipids in terms of complexity. Ceramides are N-acylated sphingoid
bases that have a simple hydrogen for a head group. The final level, in terms of
complexity, are the complex sphingolipids, which have a more complex head group
attached to ceramide. Two main categories of complex sphingolipids that were found to
bind to CD1d include sphingomyelin and glycosphingolipids (GSLs).137
Sphingomyelin is a complex di-acylated sphingolipid composed of ceramide with
either a phosphocholine or phosphoethanolamine head group. Sphingomyelin is involved
in multiple different biological processes, often altering cell signaling through its
involvement in lipid rafts. Sphingomyelin has also been found to be dysregulated in
cancer. mTORC2, which supports tumorigenesis, promotes de novo sphingolipid
synthesis.132 In addition, sphingomyelin was found to be upregulated in mouse breast
cancer cell lines compared to non-cancerous cells; however, this was not the case for
human cells.151 On the other hand, another study looking at a human primary colon
cancer cell line compared to its lymph node metastasis counterpart, found the
sphingomyelin was decreased.152 This may suggest that sphingomyelin levels change
with progressing tumor development, starting off high and later decreasing, making it an
interesting target for future study.
While sphingomyelin was identified as part of the pool of CD1d ligands, early
evidence suggested that it was not able to stimulate NKT cells.137,141 This is in agreement

48

with a recent study that suggested a regulatory role for sphingomyelin in NKT cell
activation. Specifically, knockout of ASM, the enzyme responsible for sphingomyelin
degradation, led to reduced CD1d-mediated NKT cell activation resulting in loss of NKT
cell selection in the thymus. These data suggest that sphingomyelin blocks the CD1dloading of activating lipids thus preventing NKT cell activation.153 However, further
analysis found that lyso-sphingomyelin, a mono-acylated derivative of sphingomyelin,
was able to stimulate NKT cells, although very weakly.141 In B cell lymphoma, the
expression of different species of sphingomyelin was limited compared to other lipids,
complicating the conclusions about the effect(s) of SK1 knockdown (Figure 2.8 F). If
sphingomyelin indeed plays a regulatory role for CD1d-mediated NKT cell activation,
future studies should examine the expression of ASM in tumors with the expectation that
downregulation of ASM would promote tumor immune evasion of NKT cell responses.
GSLs have various sugars as a head groups on ceramide and include a variety of
compounds such as cerebrosides (single glucose or galactose head group) and
gangliosides (three or more sugars, one of which being sialic acid). The ability of a GSL
to be an activating lipid for NKT cells is well known, given that α-GalCer, the canonical
activating lipid for NKT cells, is a GSL.92 In addition, multiple GSLs including
isoglobotrihexosylceramide (iGb3), gangliosides, and β-glucosylceramide (β-GlcCer)
have been proposed to act as endogenous ligands for NKT cells, an area that is currently
poorly understood.154–158 Recent evidence suggests that these antigens are not presented
in their native forms, but require processing induced by PRR engagement on APCs.159
With respect to cancer therapy, GSLs have shown potential utility. Chemical
derivatives of iGb3 have been found to stimulate NKT cells in a CD1d-dependent manner
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and even skew the NKT cell response towards a more anti-tumor Th1 response
dominated by IFN-γ secretion.160 In addition, the ganglioside NGcGM3 is not expressed
in normal human tissues due to a genetic mutation in an enzyme involved in its synthesis.
However, cancers can acquire changes that allow for the production of NGcGM3, making
it a tumor-specific antigen. NGcGM3 stimulated NKT cell activation via CD1d
presentation on B cells, making it an interesting target for CD1d+ B cell lymphomas.156
While gangliosides such as iGb3 and NGcGM3 have promise as activating
antigens for NKT cells, other gangliosides may actually inhibit NKT cell activation.
Specifically, gangliotriaosylceramide (Gg3Cer), was found to be shed by the T cell
lymphoma line L5178Y-R.161 While L5178Y-R cells did express CD1d on their surface,
they were unable to stimulate NKT cells; however, inhibition of ganglioside shedding
was able to restore NKT cell’s ability to respond to L5178Y-R. Exogenous addition of
Gg3Cer to CD1d expressing mouse fibroblast was able to inhibit their ability to activate
NKT cells, confirming the role of Gg3Cer as an inhibitory ganglioside for CD1dmediated NKT cell activation. GD3 is a second ganglioside that has generated significant
interest as it is expressed in various cancers. Early studies found that NKT cells produced
high levels of IL-4 in addition to IFN-γ and IL-10 in mice vaccinated with either a GD3+
melanoma cell line or GD3-loaded APCs.157 Later studies in ovarian cancer found that
GD3 is present in ovarian cancer ascites and can inhibit CD1d-mediated activation of
NKT cell hybridomas.162 Together these studies suggest GD3 may mediate cancer
immune evasion by failing to induce a strong Th1-type response.
While a significant number of studies have been devoted to identifying NKT cell
antigens in the context of anti-tumor immunity, there are many unknowns. While some
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tumor-associated NKT cell activating antigens that have been identified, a large
proportion of the antigens seem to be immune regulatory, i.e. tumors may be skewing
malleable NKT cells to generate anti-inflammatory pro-tumorigenic responses.
Identifying these mechanisms will allow for the development of therapies that constrain
the negative influences on NKT cell-based anti-tumor immunity.
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3.1.

Introduction
MCL is characterized by its genetic hallmark, the chromosomal translocation t(11;14),

which results in increased expression of cyclin D1 in B cells, alterations in the DNA
damage response, and constitutive activation of key anti-apoptotic pathways, such as
phosphatidyl-inositol 3-kinase (PI3K)/Akt and nuclear factor-kB (NF-kB).163 Collectively,
these changes result in cell cycle dysregulation and give rise to profound genetic
instability.164 Despite being initially responsive to combination chemotherapy, relapsed
patients have an overall survival of less than three years.165 Therefore, it is essential to
explore new treatment options targeting the numerous dysregulated pathways that are
operable in MCL. Immunomodulatory therapy directed towards increasing immunologic
killing of MCL cells, as well as boosting the numbers of cancer-directed cytotoxic cells
offers the possibility of long-term responses.
NKT cells are a subset of innate-like T cells that express certain NK cell receptors and
serve as a link between the innate and adaptive immune systems. NKT cells are early
producers of large amounts of Th1, Th2, and Th17 cytokines, and can directly mediate
cytotoxicity.16,36,166 NKT cells have been demonstrated to play a role in autoimmune
disease,167 tumor surveillance,16,168 hematological cancers,144 infectious disease, and
inflammatory conditions such as ischemia reperfusion injury.169 NKT cells are
characterized by a semi-invariant TCR (Vα14Jα18 in mice and Vα24Jα18 in humans).

2

Adapted from Michael Lee, Wenji Sun, and Tonya Webb. Sphingosine Kinase Blockade Leads to
Increased Natural Killer T Cell Responses to Mantle Cell Lymphoma. Cells 2020, 9, 1030.
This work is licensed under a Creative Commons Attribution 4.0 International License (CC BY 4.0) and
reproduced by right of authorship.
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Unlike conventional CD4 and CD8 T cells, NKT cells are activated by glycolipid antigens
presented in the context of the non-classical, class I major histocompatibility complex
(MHC)-like molecule, CD1d.170,171 α-GalCer, the classical NKT cell ligand, is a potent
activator of NKT cells.172,173 Following treatment with α-GalCer, NKT cells produce
cytokines, undergo clonal expansion, and subsequently activate other immune cells.38,40,174–
176

After activation, human NKT cells can exhibit strong anti-tumor activity against many

tumors.177,178 Several groups have conducted clinical trials evaluating the effectiveness of
α-GalCer as a potential therapeutic immunomodulator of NKT cells that yielded modest
results, potentially due to a reduction in NKT cell number and function in cancer
patients.43,179–183
Sphingosine-1-phosphate (S1P) regulates proliferation, survival, and migration of
mammalian cells through both extracellular receptor-mediated and intracellular
mechanisms.184–186 S1P is generated from sphingolipids, essential serum membrane lipids
which are concentrated in lipid rafts. There are several enzymes in this pathway, which
culminates in sphingosine kinase (SK) conversion of sphingosine into S1P. S1P is involved
in malignant transformation, cancer cell proliferation, inflammation, vasculogenesis,
lymphocyte trafficking, and resistance to apoptosis. There are two forms of sphingosine
kinase: SK1 and SK2. Over-expression of SK1 has been reported to induce malignant
transformation and tumor formation in 3T3 fibroblasts,187 while SK2 has been shown to
promote acute lymphoblastic leukemia by increasing MYC expression.188 In addition, SK1
has been shown to be associated with tumor growth and poor outcomes in humans.189–194
It is known that S1P has a major regulatory role in supporting the circulating lymphocyte
population.195 Results from one study implied a critical role for S1P signaling in MCL
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pathogenesis, as inhibition of S1P signaling via treatment with FTY-720 (an
immunosuppressant that binds to four known S1P receptors (S1P1,

3-5)

and inhibits

downstream signaling) resulted in the time- and dose-dependent cytotoxicity of MCL
tumor cells.196 However, the effect S1P plays in anti-tumor immune responses to MCL has
yet to be determined.
Here, we present evidence demonstrating that S1P signaling alters CD1d-dependent
antigen processing and presentation resulting in diminished NKT cell responses. We also
show that blocking S1P signaling or knockdown of SK leads to NKT cell-mediated killing
of MCL. Knockdown of SK alters the lipid repertoire of MCL, and we have identified a
unique cardiolipin species that is increased by SK knockdown and acts as an activating
lipid for NKT cells. Our data suggests that SK activity and subsequent S1P signaling by B
cell lymphomas serves to facilitate evasion of lymphoma detection by NKT cells. To our
knowledge this is the first report demonstrating that SK activity and S1P signaling by
lymphomas can suppress CD1d-mediated NKT cell responses.
3.2.

Methodology

Cell Lines
DN32.D3 and N38-3C3 are type 1 NKT cell hybridoma cell lines.106 The cells were
cultured in the presence of IMDM supplemented with 5% FBS, l-glutamine, and
penicillin-streptomycin (100 units/mL—100 µg/mL). 17.9 CD4+ T cell hybridomas
recognize HSA presented on HLA-DR4 and were cultured in RPMI 1640 supplemented
with 10% FBS, 50 mM 2-ME, and2 mM L-glutamine. L-CD1d and LMTK-CD1-DR4
cells were derived from the LMTK mouse fibroblast cell line and were transfected to
express high levels of mouse CD1d or mouse CD1d and HLA-DR4. These cells were
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cultured in DMEM with 10% FBS, 2 mM l-glutamine, penicillin-streptomycin (100
units/mL—100 µg/mL), and G418 sulfate (500 μg/mL). LMTK cells transfected with an
empty vector were used as controls.197 The MCL lines (SP53 and Jeko-1) were kindly
provided by Dr. Raymond Lai (University of Alberta, Edmonton, Canada). C1R-CD1d, a
lymphoma cell line stably transfected with human CD1d cDNA was graciously provided
by Dr. Mark Exley (Harvard Medical School, Boston, MA). Healthy donor NKT cell
lines were kindly provided by Dr. Moriya Tsuji (The Rockefeller University, New York,
NY).169 Phenotypic characterization of all cell lines was confirmed by flow cytometry.
Human Samples
Healthy donor sera samples (n = 10) were purchased from Innovative Research (Novi,
MI). MCL patient plasma samples (n = 14) were collected from patients undergoing
treatment at the Marlene and Stewart Greenebaum Cancer Center at the UMSOM. The
clinical diagnosis of MCL was confirmed in our patient population using cytogenetics.
All donors gave written informed consent before enrolling in the study. The Institutional
Review Board at the University of Maryland School of Medicine (UMSOM) approved
this investigation.
Primary Mouse Cells
All animal studies were conducted with the approval of the University of Maryland
Institutional Animal Care and Use Committee (IACUC). Spleens and livers were isolated
from C57BL/6J mice (bred in house) and pushed through a 70-µm cell strainer to
generate single cell suspensions. Liver mononuclear cells (MNCs) were separated from
hepatocytes using Percoll (GE Healthcare, 17-0891-01), as previously described.198 The

55

cells were then incubated in ACK Lysing Buffer (Quality Biological, 118-156-721) to
remove red blood cells, washed, and counted prior to co-culture setup.
S1P Modulators, Lipids, and Reagents
SEW2871 and W146 were purchased from Cayman Chemicals. The cardiolipin mixture
isolated from bovine heart pericardium were obtained from Sigma (C1649-10MG). 18:1
cardiolipin and 16:1 cardiolipin were obtained from Avanti (710335 and 710339). Human
serum albumin (HSA) was purchased from Sigma-Aldrich (St. Louis, MO) and used at
10 mM. S1P ELISAs were conducted in our laboratory and by Dr. Parsons’ laboratory at
the LSU School of Medicine using the S1P ELISA Kit (Echelon, K-1900) according to
the manufacturer’s instructions.
Cell Growth Assays
MCL cell lines were plated at 1e5 cells/well in 100 µL of media containing 1:10 diluted
WST-1 reagent (Takara Bio, MK400). Absorbance at 440 nm was measured periodically
and graphed. Each condition was conducted in triplicate.
Co-Culture Studies
For S1P and cardiolipin, antigen presenting cells (APCs) were pulsed for the indicated
time period at 37 °C. The APCs were then washed with ice cold 1x PBS and set up in coculture with NKT cell hybridomas or 17.9 CD4+ T cells overnight. Then the cells were
spun down and the level of IL-2 in the supernatant was determined by ELISA (BD
Biosciences, 555148). For the S1P receptor studies, the MCL cell lines Jeko-1 and SP53
were incubated with 10 µM SEW2871 (S1P1 agonist) or the S1P1 antagonist, W146, for
72 h. The cells were then washed and set up in co-culture with primary NKT cells. After
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co-culture, IFN-γ levels in the supernatant were determined by ELISA (BioLegend,
430101).
Cytotoxicity Assays
MCL cell lines were incubated with primary human NKT cells at the indicated ratios in
the presence of antigen, α-GalCer (100 ng/mL) (Avanti, 867000) for 20–24 h. NKT cell
mediated cell lysis was assessed by standard 51Cr-release assay.
RT-PCR
RNA was extracted using the RNeasy kit (Qiagen, Hilden, Germany). cDNA was reverse
transcribed by using iScript select cDNA Synthesis Kit (BioRad, Hercules, CA, USA).
PCR was performed as described.199 In brief, mRNA was detected by RT-PCR with
primers listed as follows: hβ-actin, forward, 5′ATCTGGCACCACACCTTCTACAATGAGCTGCG-3′, reverse, 5′CGTCATACTCCTGCTTGCTGATCCACATCTCG-3′, S1P1, forward, 5′AGCGTTCGTCTGGAGTAG-3′; reverse, 5′-TCAATGGCGATGGCGAGGAG-3′;
S1P4, forward, 5′-GAACATCACGCTGAGTGAC-3′, reverse, 5′AGATCACCAGGCAGAAGAG-3′. The thermal cycling conditions comprised of an
initial denaturation step at 95 °C for 10 min followed by 35 cycles of PCR using the
following profile: 94 °C for 30 s, 60 °C for 1 min, and 72 °C for 2 min.
Real Time Quantitative PCR (qPCR) Analysis
Total RNA was isolated from lymphoma cell lines using RNeasy kit (Qiagen) and reverse
transcribed by iScript select cDNA Synthesis Kit (BioRad). Real-time quantitative PCR
was performed with an ABI prism 7300 Thermal Cycler (Applied Biosystems) using
TaqMan Gene Expression Master Mix and TaqMan Gene expression assays (Product No.
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4331182 both from Applied Biosystems) to amplify human SphK1 (Hs00184211_m1)
and human SphK2 (Hs00219999_m1) according to the manufacturer’s instructions. Data
were quantitated using ImageJ (NIH) densitometry analysis.
Lipidomic Analysis
Lipidomic analysis was conducted by Lipomics, a division of Metabolon, Inc. Briefly,
lipids were extracted from samples in methanol: dichloromethane in the presence of
internal standards. The extracts were concentrated under nitrogen and reconstituted in
0.25 mL of 10 mM ammonium acetate dichloromethane: methanol (50:50). The extracts
were transferred to inserts and placed in vials for infusion-MS analysis, performed on a
Shimazdu LC with nano PEEk tubing and the Sciex SelexIon-5500 QTRAP. The samples
were analyzed via both positive and negative mode electrospray. The 5500 QTRAP scan
was performed in MRM mode with the total of more than 1100 MRMs. Individual lipid
species were quantified by taking the peak area ratios of target compounds and their
assigned internal standards, then multiplying by the concentration of internal standard
added to the sample. Lipid class concentrations were calculated from the sum of all
molecular species within a class, and fatty acid compositions were determined by
calculating the proportion of each class comprised of individual fatty acids.
Statistical Analysis
An unpaired two-tailed Student’s t-test and one-way ANOVA were performed using
Prism software (version 5.02 for Windows; GraphPad) to compare control and
experimental groups. A p-value < 0.05 was considered significant.
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3.3.

Results

3.3.1. Pretreatment with S1P inhibits CD1d-mediated NKT cell activation
We first analyzed healthy-donor (n = 10) and MCL-patient (n = 14) plasma and found
that S1P levels were elevated in MCL patient plasma relative to healthy donors (5.31 ±
0.62 vs. 2.66 ± 0.45 µM; Figure 3.1A). To examine the effects of S1P on NKT cell
activation, C1R-CD1d cells were used as targets and DN32.D3 NKT cell hybridomas
served as effector cells. C1R-CD1d cells, DN32.D3, or both cell lines were pre-treated with
S1P for an hour. After co-culture, NKT cell activation was determined by IL-2 ELISA.
Pretreatment of the NKT hybridomas alone did not alter NKT cell responses compared to
untreated cells. However, pre-treatment of our target cells, C1R-CD1d, resulted in a
significant decrease in IL-2 production by NKT cells (Figure 3.1B). The decrease was not
altered by additional treatment of the NKT hybridomas. Taken together, these data suggest
that S1P inhibits the ability of the target cell to induce NKT cell activation and this pathway
may contribute to failure of immune surveillance in MCL.

Figure 3.1. Pretreatment with S1P inhibits CD1d-mediated NKT cell activation.
(A) S1P levels in healthy donor and MCL patient sera were measured using ELISA. (B) NKT cells
(DN32.D3) and B cell lymphomas (C1R-CD1d) were pretreated with vehicle (DMSO) or S1P (1g/ml)
o
4
5
for 1h at 37 C. DN32.D3 (5x10 ) NKT cell hybridomas were incubated with C1R-CD1d cells (2.5x10 )
in the presence of α-GalCer (100 ng/ml) for 20-24hr. ELISA was used to measure IL-2 production.
Data was analyzed by a two-tailed t-test with Welch’s correction.*p<0.05
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3.3.2. Targeting of S1P1 signaling enhances NKT cell-mediated cytotoxicity of
MCL
We next examined whether targeting the S1P1 receptor on antigen presenting cells
directly could alter NKT cell responses. We utilized two different MCL cell lines, Jeko and
SP53, as our target cells. Both cell lines expressed the S1P receptor 1 (S1P1). Therefore,
we investigated the effect of two drugs, SEW2871 and W146, that target S1P1 on NKT cell
responses to MCL cell lines. Pretreatment of the Jeko MCL cell line with either SEW2871
or W146 increased sensitivity to NKT cell-mediated lysis (Figure 3.2A). Similarly,
pretreatment of the SP53 MCL cell line with SEW2871, but not W146, resulted in
increased lysis when co-cultured with human NKT cells (Figure 3.2B). We next examined
the expression of different S1P receptors on each of our MCL cell lines by RT-PCR in the
presence or absence of SEW2871 or W146. We found that S1P1, to a greater extent than
S1P4, was downregulated following treatment with either SEW2871 or W146 in both the
Jeko and SP53 cell lines (Figure 3.2C–E). Finally, we found that pretreatment of MCL
cells with either SEW2871 or W146 did not alter their ability to induce cytokine production
by human NKT cells (Figure 3.2F). These data demonstrate the therapeutic potential of
targeting S1P1 due to the enhanced lysis of MCL cell lines by human NKT cells following
drug pretreatment.
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Figure 3.2. Targeting of S1P1 signaling enhances NKT cell-mediated cytotoxicity of MCL.
(A) Jeko-1 and (B) SP53 cells were incubated with 10µM SEW2871 or W146 for 72 h, washed, and cocultured with primary NKT cells at the indicated ratios in the presence of α-GalCer (100 ng/ml) for 24 h
51
and NKT cell mediated cell lysis was assessed by standard Cr-release assay. (C) MCL cell lines
express S1P receptors. Expression of S1P1 and S1P4 was determined by RT-PCR after incubation with
10µM SEW2871 (S1P1 agonist) or the S1P1 antagonist, W146, for 72 h. Expression was quantitated
using densitometry for S1P1 and S1P4 in (D) Jeko and (E) SP53 relative to B-actin. (F) IFN-γ levels
were determined by ELISA. Data are representative of three independent experiments. Data was
analyzed by one-way ANOVA. ** p<0.001.
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3.3.3. Generation of sphingosine kinase knockdown lines
Next, we sought to examine the impact of directly targeting sphingosine kinase (SK).
There are two isoforms of SK, SK1 and SK2. We first measured the expression of SK1 and
SK2 in the MCL lines Jeko and SP53. There were higher expression levels of both SK1
and SK2 in SP53 cells compared to Jeko cells (Figure 3.3A). In addition, SP53 cells
secreted higher levels of S1P into the cell culture supernatant and had higher intracellular
levels of S1P, as measured in cellular lysates by mass spectrometry, compared to Jeko (data
not shown). Therefore, we knocked down SK in the SP53 cell line using shRNA. Although
we selectively targeted SK1, as shown in Figure 3.3B, the expression of SK1 and SK2 were
reduced in both SP53 clones (SK1-KD1 and SK1-KD2). After confirming that SK was

Figure 3.3. Generation of sphingosine kinase knockdown cell lines.
(A) mRNA levels of SK1 and SK2 in Jeko-1 and SP53 MCL lines were normalized to 18S expression.
(B) SP53 cells were stably transfected with shRNA plasmids to knock down expression of sphingosine
kinase 1 (SK1) or with a scrambled shRNA control plasmid. Two clones were selected and used for
experiments (SK1-KD1 or SK1-KD2). Knockdown of SK was confirmed by quantitative real-time
PCR (qPCR). SK1 and SK2 levels were assessed relative to 18S. Expression in the parental cell line
(SP53) was compared to the scrambled shRNA control and the SK1-KD clones. (C) Reduction of SK
results in decreased S1P production. S1P levels were measured by ELISA. (D) Control (SP53), SKKD1, and SK-KD2 cell growth were monitored by WST-1 using absorbance at 440nm. Error bars are
contained within the points. Data was analyzed by a two-tailed t-test. * p<0.05; **p<0.001
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knocked down, we also confirmed that knockdown of SK corresponded to a reduction in
S1P production (Figure 3.3C). In addition, we found that the knockdown of SK did not
significantly impact cellular growth (Figure 3.3D).
3.3.4. Knockdown of sphingosine kinase restores NKT cell responses to MCL
To determine whether knockdown of SK1 results in enhanced NKT cell responses,
SP53-control, SK1-KD1, or SK1-KD2 cells were co-cultured with human NKT cells. We
then measured IFN-γ production and cell lysis to determine the level of NKT cell
responses. We found that human NKT cells produced more IFN-γ when co-cultured with
either SK1-KD1 or SK1-KD2 compared to SP53 (Figure 3.4A). We also found that human
NKT cells were able to lyse both SK1-KD1 and SK1-KD2 to a greater extent than they
were able to lyse SP53 (Figure 3.4B). Finally, we measured the expression of CD1d on
SP53, SK1-KD1, and SK1-KD2 by flow cytometry and found all three to have similar
expression, confirming that the observed increase in NKT cell responses is not due to
changes in surface expression of CD1d (Figure 3.4C).

Figure 3.4. Knockdown of sphingosine kinase restores NKT cell responses to MCL.
(A) Human NKT cells were co-cultured with SP53 and SK1-KD cells and NKT cell activation, as
determined by IFN-γ production, was measured by ELISA. (B) NKT cell specific lysis of SP53, SK1KD1, and SK1-KD2 was assessed by standard 51Cr-release assay. (C) CD1d expression in SP53, SK1KD1, and SK1-KD2 cell lines was determined by flow cytometry. Data was analyzed by one-way
ANOVA. **p<0.001; ***p<0.0001.
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3.3.5. Lipidomic analysis of SP53 and SK1-KD MCL cell lines
NKT cells can be activated or inhibited by glycolipids presented in the context of
CD1d. The lipids can be microbial in origin or they can be self-lipids. To examine
differences between SP53, SK1-KD1, and SK1-KD2, we analyzed their lipid profiles by
mass spectrometry. We found increases in several different lipid classes in the SK1-KD1
and SK1-KD2 cell lines compared to SP53, the most significant of which was cardiolipin
(Figure 3.5A). Cardiolipin is a tetra-acylated phospholipid found in both bacteria and the
inner-mitochondrial membrane. Therefore, we postulated that cardiolipin has the potential
to become an activating lipid for NKT cells and its increase in SK1-KD1 and SK1-KD2
could play a role in the increased NKT cell responses previously observed.

Figure 3.5. Lipidomic analysis of SP53 and SK1-KD MCL cell lines.
(A) Lipidomic analysis of lipid classes in SP53, SK-KD1, and SK1-KD2 cell lines. Three pellets of
each cell line were analyzed using differential mobility spectroscopy to determine the total number of
moles of each lipid class present per billion cells. The average number of moles per billion cells for
cardiolipins of different (B) acyl chain lengths, (C) saturation, and (D) select species were graphed for
each of the three cell lines. Data was analyzed by one-way ANOVA * p<0.05; **p<0.001;
***p<0.0001.
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Next, we sought to further characterize the differences in cardiolipin by examining
characteristics such as acyl chain length and saturation. We found that the differences
between the SK knockdown cell lines and SP53 were greatest for cardiolipins with 16 and
18 carbon acyl chains (Figure 3.5B). In addition, SK knockdown cells had increases in
saturated, mono-unsaturated, and poly-unsaturated cardiolipins (Figure 3.5C). Finally, we
identified several subspecies of cardiolipin that showed significant differences in
expression levels (Figure 3.5D).
3.3.6. Treatment with cardiolipin enhances NKT activation
To test whether cardiolipin can serve as an activating ligand for type 1 NKT cells, we
examined the ability of a mixture of bovine heart derived-cardiolipin to stimulate NKT
cells. We pulsed L-CD1d cells with two concentrations of the cardiolipin mixture for four
hours prior to co-culture with NKT cell hybridomas. We found that increased levels of
cardiolipin resulted in increased IL-2 production by both DN32.D3 (Figure 3.6A) and N383C3 (Figure 3.6B) NKT cell hybridomas. Additional replicates of this experiment are
shown in Figure 3.7. Next, we tested the ability of cardiolipin to activate NKT cells using
a primary cell culture system. Splenocytes from C57BL/6J mice were pulsed with

Figure 3.6. Treatment with cardiolipin enhances NKT activation.
L-CD1d cells were pulsed with a mixture of cardiolipin species (CLM) for four hours at 37°C prior to
co-culture with (A) DN32.D3 or (B) N38.3C3 for 24 hours. IL-2 production was measured by ELISA.
(C) Mouse splenocytes were pulsed with CLM for four hours at 37°C prior to co-culture with mouse
liver mononuclear cells (MNCs) for 48 hours. IFN-γ production was then measured by ELISA. Each
ELISA was conducted in triplicate. Data was analyzed using a student’s T-test. * p<0.05; ** p<0.005;
*** p<0.0001

65

cardiolipin for four hours. The majority of T cells in the liver are NKT cells, therefore, we
co-cultured the cardiolipin loaded splenocytes with liver mononuclear cells and assessed
IFN-γ production. Importantly, we found that increased levels of cardiolipin resulted in
increased cytokine production (Figure 3.6C). Taken together, this data suggests that
cardiolipin may be an activating lipid for NKT cells.
3.3.7. Identification of cardiolipin species that activates type 1 NKT cells
To further delineate the species-specific differences observed in our lipidomic
analysis, we utilized two purified cardiolipin species, 18:1 and 16:1, that we predicted may
be responsible for NKT cell activation. We pulsed L-CD1d cells with increasing
concentrations of either 18:1 or 16:1 cardiolipin for 4 h prior to co-culture with DN32.D3

Figure 3.7. Replicate experiments for Figure 3.6.
L-CD1d cells were pulsed with a mixture of cardiolipin species (CLM) for four hours at 37°C prior to coculture with (A,C) DN32.D3 or (B,D) N38.3C3 for 24 hours. IL-2 production was measured by ELISA.
Data was analyzed using a student’s T-test. * p<0.05; ** p<0.005; *** p<0.0001
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NKT cell hybridomas. There were no significant changes in NKT cell responses following
treatment of antigen presenting cells with 18:1 cardiolipin (Figure 3.8A). However, NKT
cell responses were significantly increased in the presence of 16:1 cardiolipin (Figure
3.8B). The two cardiolipin species are identical aside from an extra two carbons on the acyl
chain of 18:1 cardiolipin (Figure 3.8C) relative to 16:1 cardiolipin (Figure 3.8D).
Additional replicates of this experiment are shown in Figure 3.9A-B, D-E. Finally, to
determine if cardiolipin impacted conventional T cell activation, we conducted similar

Figure 3.8. Identification of cardiolipin species that activates type 1 NKT cells.
L-CD1d cells were pulsed in the presence of either purified (A) 18:1 or (B) 16:1 cardiolipin for four
hours at 37°C prior to co-culture with DN32.D3 for 48 hours. IL-2 production was then measured by
ELISA. Each ELISA was conducted in triplicate. Structures of 18:1 and 16:1 cardiolipin are shown in
(C) and (D) respectively with the head group in blue, the acyl chain in black, and the extra carbons in
red. Data was analyzed using a student’s T-test. * p<0.05; ** p<0.005
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experiments using LMTK-CD1-DR4 APCs which activate 17.9 CD4+ T cells when pulsed
with HSA. We found that neither species of cardiolipin impacted 17.9 T cell activation, but
16:1 cardiolipin induced NKT cell activation in this system as well (Figure 3.9C, F). These
data support the notion that specific species of cardiolipin may induce NKT cell responses
while other species may not be stimulatory. Further studies are needed to elucidate all the
structures that are activating compared to those that do not result in NKT cell activation.
3.4.

Discussion
In this study, we present evidence demonstrating that increased S1P signaling results

in changes in B cell antigen processing and presentation leading to reduced NKT cell
activation. We also showed that blocking either S1P production or signaling permits NKT
cell-mediated killing of MCL. Next, we showed that blocking S1P production through the
knockdown of SK resulted in changes in several different lipid species, including an
increased level of cardiolipin. Finally, we identified cardiolipin, specifically 16:1
cardiolipin, as a novel NKT agonist. These data further suggest that removal of tumor

Figure 3.9. Replicate experiments for Figure 3.8.
L-CD1d or LMTK-CD1-DR4 cells were pulsed in the presence of either purified (A-C) 18:1 or (D-F) 16:1
cardiolipin for four hours at 37°C prior to co-culture with DN32.D3 or 17.9 T cells for 48 hours.
Additionally, LMTK-CD1-DR4 were loaded with HSA peptide. IL-2 production was then measured by
ELISA. Data was analyzed using a student’s T-test. * p<0.05; ** p<0.005; *** p<0.0001
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associated immunosuppressive factors, such as S1P, may be efficacious as a targeted
therapeutic, by restoring presentation of endogenous NKT cell agonists.
S1P was identified as a lipid metabolite that induces an increase in intracellular
calcium and acts through inside out signaling.185,186 S1P is generated from sphingolipids,
essential serum membrane lipids which are concentrated in lipid rafts. It is synthesized via
sphingomyelinase conversion of sphingomyelin into ceramide, then ceramidase converts
ceramide into sphingosine and lastly sphingosine kinase converts sphingosine into S1P.
S1P is involved in malignant transformation, cancer cell proliferation, inflammation,
vasculogenesis and resistance to apoptosis. Over-expression of SK has been reported to
induce malignant transformation, promote tumor proliferation, and be associated with poor
outcomes in multiple tumor types.187–194 Importantly, we have found that both SK1 and
SK2 are highly expressed in lymphoma cell lines and that inhibiting SK1 restores NKT
cell mediated killing and cytokine responses to MCL. Another group has found that
inhibiting SK1 results in apoptosis of MCF7, a breast cancer cell line.200 In addition, an
important role for the S1P pathway as a carcinogenic marker in a colon carcinogenesis
model in rats has been shown, due to the up-regulation of Cox-2 and PGE2.191
Several studies have recently evaluated S1P as a therapeutic target for the treatment of
lymphoid malignancies. It was shown that blocking S1P signaling with an agonist, FTY720, resulted in increased apoptosis in multiple myeloma cells,201 induced cell death in
chronic lymphocytic leukemia,202 and inhibited MCL pathogenesis in a SCID mouse
model.196 In addition, it was shown that S1P inhibited NK cell-mediated lysis of the human
melanoma cell line Hs294T,203 the Burkitt’s lymphoma cell line Raji, and the myeloid
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leukemia cell line K562.204 This effect of S1P was reversed by FTY720 and a second S1P1
antagonist, SEW2871.
Our data suggest that inhibiting S1P signaling may be a beneficial therapeutic modality
in the treatment of MCL because the blockade of S1P signaling could both inhibit
proliferation of MCL and restore NKT cell mediated cytotoxic responses to MCL. We
found that pretreatment with SEW2871 and W146 had minimal effects on CD1d cell
surface expression (data not shown), but restored NKT cell-mediated killing of MCL. S1P
is cleaved irreversibly to hexadecenal and phosphoethanolamine (PE), by S1P lyase. PE
can bind to CD1d molecules.119,205 A recent study has shown that intracellular pools of S1P
are localized in the Golgi, as well as in late endosomal compartments.199 We and others
previously demonstrated that CD1d molecules must traffic through endosomal
compartments in order to process and present antigen to NKT cells.106,107,116 We also
previously reported that the activation of MAPK signaling pathways can alter CD1dmediated NKT cell activation.206 Perhaps high intracellular pools of S1P in endosomal
compartments of MCL alter CD1d-mediated antigen processing and presentation.
Aberrant S1P signal transduction and intracellular transit in B cell lymphomas may
potentially result in the deregulation of CD1d-mediated activation NKT cells by
lymphomas, contributing to the NKT-cell activation deficit described here. Several
possible mechanisms could contribute to the failure of MCL cells to induce cytotoxic NKT
cell responses, including alterations in lipid ligands, modifications in intracellular
trafficking of CD1d, and upregulation of MAPK or BCL-2 pro-survival signaling in MCL
cells. Of these possible mechanisms, our data demonstrates that alterations in lipid ligands
plays a role. Specifically, we found that several lipid classes, including cardiolipin,

70

phosphatidylcholine, phosphatidylethanolamine, and sphingomyelin were all upregulated
after knockdown of SK in an MCL cell line. Importantly, reducing SK1 resulted in the
presentation of an endogenous activating antigen (Figure 3.4A), without altering CD1d cell
surface expression (Figure 3.4C). Thus, these data suggest alterations in the repertoire of
lipid classes can lead to the presentation of an endogenous activating NKT cell ligand.
Cardiolipin is a tetra-acylated phospholipid that can be of either prokaryotic or
eukaryotic origin and regulates SK activity.207 In prokaryotes, cardiolipin is a component
of bacteria, specifically found in the cell wall of gram-negatives. In eukaryotes, cardiolipin
is only found in the inner mitochondrial membrane.139 Cardiolipin is known to bind to
human CD1d molecules.137 Cardiolipin has been found to stimulate CD1d-restricted γδ T
cells in mice.139 In addition, bacterial-derived cardiolipin was found to possibly stimulate
type II NKT cells, which are CD1d-restricted but do not express the semi-invariant NKT
TCR associated with type I NKT cells.140 An early study reported that cardiolipin was not
able to stimulate human type I NKT cells;141 however, this study used a synthetic CD1dFc fusion system to present the different lipid classes which may not completely
recapitulate antigen processing and presentation in live cells. In our study, we found that
pulsing CD1d-expressing cells with cardiolipin induced NKT cell activation. In addition,
we found that certain cardiolipin species were able to specifically activate type I NKT cells,
in contrast to other species (Figure 3.6A, B). This was intriguing as the acyl chain structure
is known to change the ability of phospholipids to bind CD1d and stimulate NKT cells,
which also may explain why previous studies using bulk mixtures of cardiolipin species
did not identify it as an activating ligand.119 Moreover, changing the saturation status of
the cardiolipin chain causes cardiolipin to flip between activating and inhibiting TLR4
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signaling.208 In good agreement with these studies demonstrating the importance of
cardiolipin’s acyl chain structure in its function, we also have identified a unique
cardiolipin species (16:1) that is able to serve as an activating ligand for type 1 NKT cells.
In summary, S1P plays a role in many pathways involved in tumor development and
progression. Our data suggest that S1P receptor signaling inhibitors can be used to both
inhibit lymphoma growth and to restore the anti-tumor functions of primary human NKT
cells. Our studies also identified a novel mechanism by which S1P receptor signaling
inhibits CD1d-mediated NKT cell activation. Future studies should examine the in vivo
effects of SK knockdown to determine if they mirror the in vitro systems. In addition, the
mechanisms underpinning cardiolipin acyl chain regulation in MCL along with its
relationship to sphingosine kinase and S1P signaling needs to be further elucidated. These
studies will define the potential uses of S1P signaling modulators and enhance clinical
approaches for NKT cell-based immunotherapy for the treatment of MCL.

72

4.1.

Introduction
NHL has been increasing in incidence for the last 40 years with little

improvement in mortality.28,29 In 2019, there are predicted to be over 74,000 new cases of
NHL in the United States resulting in nearly 20,000 deaths.30 NHL is a heterogeneous
group of cancers that develop from cells of lymphoid origin, with over 80% derived from
B cells. MCL is a highly aggressive subtype of NHL that makes up about 6-8% of all
NHLs and includes an even more aggressive blastoid-variant with extremely poor
survival.165,209 MCL is characterized by the t(11;14) translocation leading to
overexpression of cyclin D1. Tumor cells can be found in different organs, but are
frequently found in the spleen, lymph nodes, liver, and bone marrow.29,209 MCL is
classically treated with combination chemotherapy; however, new drugs and approaches,
such as stem cell transplant, are beginning to gain favor.165,210 Despite considerable
advances and the multiple treatment options available, MCL patients experience
continuous cycles of relapse and the disease is considered incurable. Thus, novel model
systems are needed to gain a deeper understanding of the disease in order to develop new
treatment strategies.
While the emergence of cancer immunotherapy has resulted in tremendous strides
in cancer treatment, there is still significant room for improvement. One of the key
questions to inform the development of novel treatments is how tumors evade being
killed by the immune system. Tumors utilize a diverse range of mechanisms to actively
suppress the immune system. To understand a few of these mechanisms, one must
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consider how cancer develops under immune selective pressure, a process called
immunoediting. There are three main stages of immunoediting (Figure 1.6). The first
stage is elimination, also called immunosurveillance, when the immune system eliminates
newly transformed cells. However, cancer cells can acquire the ability to avoid immune
elimination, at which point they reach the second stage, equilibrium. During this stage,
cancer cells continually acquire mutations while under pressure from the immune system.
Over time, the tumor can develop mechanisms to suppress immunity to allow it to
progress to the escape phase. One of the main mechanisms utilized by tumors to cause
immune suppression in the escape phase is the recruitment of immune-suppressive cells
to the tumor microenvironment that inhibit the activation of immune cells typically
responsible for eliminating tumor cells. While these suppressive cells likely serve an
important role in regulating general immune activation and lymphocyte homeostasis,
multiple studies have demonstrated that they have a negative impact on outcomes in
cancer.211–218
Two of the best-studied immune-suppressive cells are regulatory T cells (Tregs)
and myeloid-derived suppressor cells (MDSCs), which both play a role in lymphoma. A
2017 study of human patients with NHL found increased frequencies of Tregs prior to
therapy when compared to healthy donors.219 After therapy, patients that responded had
lower frequencies of Tregs compared to patients that eventually relapsed. These data
suggest that Tregs have a negative impact on NHL disease progression and that their
elimination might lead to improved outcomes.
MDSCs also have been implicated in adverse outcomes for human lymphoma
patients.216 MDSCs are loosely defined as cells of myeloid origin possessing immune
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suppressive properties. While the name MDSC was first introduced in 2007, evidence of
the presence of these cells has existed for nearly 40 years.220,221 The currently accepted
dogma states that MDSCs can be classified into two distinct subsets: Granulocytic or
polymorphonuclear (PMN-MDSCs) are akin to neutrophils, and monocytic (M-MDSCs)
are akin to monocytes. MDSCs utilize a range of mechanisms to suppress immune
function that differ somewhat between the two subsets. PMN-MDSCs, considered the
less suppressive of the two subsets, depend on the production of reactive oxygen species
(ROS) such as hydrogen peroxide, which disrupts the TCR complex of T cells through
downregulation of CD3ζ and CD3ε expression.222,223 In addition, PMN-MDSCs utilize
increased arginase 1 (Arg1) expression. Arg1 suppresses immune activation through
several mechanisms stemming from depleted arginine levels including disruption of the
TCR complex.224 The suppressive activity of M-MDSCs depends on the production of
nitric oxide resulting from enhanced iNOS expression, highlighted by the lack of
immunosuppressive activity from MDSCs isolated from iNOS-/- mice.225 In addition,
iNOS expression in MDSCs is in part a response to IFN-γ secretion.225
The role of MDSCs in promoting tumor growth through suppression of the antitumor immune response is well established.216,218,226–228 MDSCs emerge with the
developing tumor due to the presence of low levels of inflammatory signals and growth
factors, mainly GM-CSF but also G-CSF, M-CSF, VEGF, and polyunsaturated fatty
acids, due to the chronic inflammation caused by tumor progression.222 This process also
involves several transcriptional regulators including STAT3, STAT5, IRF8, and
NOTCH.229 Significant strides have been made in characterizing these cells, which
unfortunately have unique signatures in mice and humans and are often difficult to
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distinguish from other cell types. In mice, MDSCs are CD11b+/Gr1+. Gr1 positivity can
be due to two distinct markers, Ly6C and Ly6G, which may distinguish the different
subsets. PMN-MDSCs are CD11b+/Ly6Ghi/Ly6Clo while M-MDSCs are CD11b+/Ly6G/Ly6Chi. However, these are also the characteristics of normal neutrophils and
monocytes, respectively, making their immune suppressive capabilities a key
distinguishing factor in MDSC identification. In humans, the phenotypes are more
complex but also able to distinguish between MDSCs and their mature counterparts.
Human PMN-MDSCs are CD11b+/CD14-/CD15+/CD66b+/LOX-1+ and M-MDSCs are
CD14+/CD15-/HLA-DR-/lo.222
The role of MDSCs in B cell lymphoma has been examined. One study found that
increased levels of PMN-MDSCs in the blood of both Hodgkin’s and NHL patients were
associated with a poor prognoses.230 Other studies have identified M-MDSCs as having a
negative impact on human patients with multiple myeloma and DLBCL.215,231 While the
negative impact of these immune-suppressive cells is well established, we remain limited
in our ability to overcome such suppression. Thus, insights into the mechanisms
employed by these cells to dampen the efficacy of therapeutic intervention in NHL
patients could inform cancer immunotherapies.
As discussed earlier, NKT cells are a subset of innate-like T cells that can rapidly
respond upon stimulation and secrete copious amounts of cytokines. With respect to the
anti-tumor immune response, NKT cells can directly and indirectly target cancers (Figure
1.5), making them promising tools to be used in cancer immunotherapy. In addition to
their role in targeting tumor cells themselves, the interactions between NKT cells and
immune-suppressive cells has been the subject of multiple studies that have yielded
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inconclusive results, which are discussed below and summarized in Table 4.1. In a mouse
model of colorectal cancer, NKT cells were found to promote intestinal polyp
development by suppressing anti-tumor immunity and promoting Treg development.232
However, in the 2017 NHL study mentioned above, NKT cells were suppressed when
Tregs were elevated prior to therapy. NKT cells subsequently increased while Tregs
decreased in patients that responded to therapy.219 Regarding NKT cell interactions with
MDSCs, the results are again inconclusive. Early in vitro studies found that myeloid cells
cultured in the presence of NKT cells expressed an MDSC-like phenotype, ultimately
suppressing subsequent T cell proliferation and IFN-γ production.233 Similarly, the study
that found that NKT cells promote Treg development also reported that in the absence of
NKT cells, the levels of MDSCs decreased.232 However, other studies reported that in
patients with chronic lymphocytic leukemia (CLL), MDSCs promote tumor cell growth
and in a mouse model of CLL, NKT cells were able to eliminate these MDSCs and
improve survival.42,234 In addition, in a mouse model of B-cell lymphoma, in the absence
of NKT cells, there was an increase in MDSCs at the tumor site.206 Given these mixed
results, one cannot assume a consistent positive or negative interaction between NKT

Table 4.1 Summary of findings for selected studies on NKT cell and immunosuppressive cell
populations
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cells and immune-suppressive cells, and thus each experimental model must be carefully
scrutinized.
The most common spontaneous mouse model of lymphoma is the Eµ-Myc
mouse, which is genetically engineered to express the c-Myc oncogene under the heavy
chain promoter, localizing its expression to the B cell compartment.235 Eµ-Myc mice
develop a cancer that progresses from resembling human follicular lymphoma to diffuse
large B cell lymphoma.236–238 The double transgenic (DTG) mouse model of lymphoma
builds on the Eµ-Myc mouse model by introducing a second transgene, IL-14α, also
under the heavy chain promoter. This IL-14α x c-Myc DTG mouse model was first
reported in 2007 and develops a cancer clinically similar to human MCL, specifically the
aggressive blastoid variant of MCL.239 The DTG mouse model is currently the only
spontaneous model of MCL and thus can provide unique insights into the development of
MCL and ultimately new treatment approaches. The goal of this study was to determine
whether the activation of NKT cells early in tumorigenesis could protect DTG mice from
tumor development. In addition, we aimed to characterize the immune response
following NKT cell activation to elucidate any barriers to NKT cell-based
immunotherapy in MCL.
4.2.

Methodology

Animal Studies
C57BL/6 and c-Myc transgenic (B6.Cg-Tg(IghMyc)22Bri/J, Stock No: 002728)
were purchased from The Jackson Laboratory (Bar Harbor, ME). IL-14α transgenic mice
were generously provided by Dr. Julian L. Ambrus Jr. (State University of New York
(SUNY) at Buffalo School of Medicine and Biomedical Sciences), backcrossed for >10
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generations onto C57BL/6, and bred in specific pathogen-free facilities at the University
of Maryland School of Medicine (IACUC # 0417019). All experiments were performed
in accordance with procedures approved by the University of Maryland School of
Medicine animal use and care committee. B6-DTG mice were generated by crossing IL14α dams and c-Myc transgenic sires as previously described.178 Treated mice were
injected with 2µg α-GalCer or vehicle control (100µL DMSO, D2650, Sigma) at 8 weeks
of age. For survival studies, mice were monitored for physical and behavioral signs of
disease progression at euthanized once they reached endpoint. For MDSC sorting studies,
mice were injected at 8 weeks and then euthanized at 14 weeks for cell collection.
Flow Cytometry
Flow cytometry was conducted in the University of Maryland Greenebaum
Comprehensive Cancer Center (UMGCCC) Flow Cytometry Shared Service
(https://www.medschool.umaryland.edu/CIBR/CORE/umgccc_flow/). Characterization
studies were done using a BD LSR II 4 laser system. Cell sorting was conducted on a BD
Aria 4-way sorting system. The antibodies B220-FITC (103205, BioLegend) and CD19PE (115508, BioLegend) were used to identify B cells. The antibody CD3-PerCP
(100312, BioLegend) in combination with α-GalCer loaded CD1d tetramer (NIH
Tetramer Core Facility) was used to identify NKT cells. The antibodies CD11b-FITC
(101206, BioLegend), CD1d-PE (123510, BioLegend), and GR1-PerCP (108427,
BioLegend) were used to identify bulk MDSCs. The antibodies Ly6C-PerCP (128011,
BioLegend) and Ly6G-PE/Dazzle (127647, BioLegend) were used to identify the MMDSC and PMN-MDSC populations, respectively. The antibody F4/80-BV421 (123137,
BioLegend) was used in combination with anti-CD11b to identify macrophages. The
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antibody CD25-FITC (101908, BioLegend) was used in combination with anti-CD3 to
identify Tregs.
Cell Lines
DN32.D3 is a type 1 NKT cell hybridoma cell line.106 The cells were cultured in
the presence of IMDM supplemented with 5% FBS, l-glutamine, and penicillinstreptomycin (100 units/mL—100 µg/mL). Phenotypic characterization of all cell lines
was confirmed by flow cytometry.
Primary Mouse Cells
All animal studies were conducted with the approval of the University of
Maryland Institutional Animal Care and Use Committee (IACUC). Spleens, livers, and
lymph nodes were isolated from mice and pushed through a 70-µm cell strainer to
generate single cell suspensions. Liver mononuclear cells (MNCs) were separated from
hepatocytes using Percoll (GE Healthcare, 17-0891-01), as previously described.198 The
cells were then incubated in ACK Lysing Buffer (Quality Biological, 118-156-721) to
remove red blood cells, washed, and counted prior to co-culture setup.
Co-Culture Studies
For loaded splenocyte experiments, splenocytes were pulsed for the indicated
time period at 37°C with α-GalCer. The splenocytes were then washed with ice cold 1x
PBS and set up in co-culture with DN32.D3 NKT cell hybridomas overnight. Then the
cells were spun down and the level of IL-2 in the supernatant was determined by ELISA
(555148, BD Biosciences).
MDSC Enrichment and Sorting
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Single cell suspensions of organs were isolated as described. MDSC enrichment
was conducted using the EasySep™ Mouse MDSC (CD11b+Gr1+) Isolation Kit (19867,
StemCell Technologies) according to the manufacturer’s instructions.
MDSC Suppression Assays
Enriched or pre-sorted MDSCs were washed with 1x PBS and set up in co-culture
at the indicated ratios with the DN32.D3 NKT cell hybdridomas. aAPCs were generated
as previously described.,240 washed, counted, and set up in a ratio of 5:1 with DN32.D3
NKT hybdridomas. Co-cultures were allowed to incubate overnight and the levels of
cytokines in the supernatants were determined by ELISA.
Statistical Analysis
An unpaired two-tailed Student’s t-test and two-way ANOVA were performed using
Prism software (version 5.02 for Windows; GraphPad) to compare control and
experimental groups. A p-value < 0.05 was considered significant.
4.3.

Preliminary data on DTG mice
We have previously reported that lymphoma patients have an approximately three

fold reduction in percentages of NKT cells in their blood.178 However, NKT cells are still
present in these patients, suggesting that they could be restored to normal levels and
facilitate anti-tumor immunity. The DTG mouse model, as detailed previously, is a
spontaneous mouse model that resembles human MCL. Tumors in these mice usually
arise between 12 and 16 weeks and lead to 100% mortality without any intervention.235
Work from our lab showed that NKT cell numbers are decreased in DTG mice with
disease compared to DTG mice without disease (~2% vs. ~5% NKT cells in the spleen),
similar to human NHL patients.178 In addition, we showed that administration of 2µg of
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α-GalCer to DTG mice at 8 weeks led to 100% survival compared to vehicle-treated
littermate controls (Figure 4.1 A) and improved NKT cell function (Figure 4.1 B).178
However, further genetic analysis showed that the c-Myc mice used in those studies were
on a mixed background consisting of C57BL/6, FVB/N, and heterozygous regions (data
not shown). Mouse genetic backgrounds can have a significant impact on immune
function. Given that we expected the DTG model to be on a pure C57BL/6 background,
we were concerned that genetic differences could impact immune cell composition and
function, thereby making it difficult to clearly assess anti-tumor immunity in these
animals. Specifically, C57BL/6 mice are well known for generating strong Th1 immune
responses which are traditionally considered beneficial for anti-tumor immunity.241 On
the other hand, FVB/N mice are biased towards Th2 responses.242 It is still unclear
exactly which genes determine these differences and we sought to identify the
mechanisms by which treatment with -GalCer-mediated protection in the DTG model.
Therefore, we re-established the DTG model on a C57BL/6 background, referred
to as B6-DTG. The B6-DTG mice are generated using a homozygous IL-14 transgenic

Figure 4.1. α-GalCer treatment in previous DTG model.
A) Overall survival in DTG mice treated with α-GalCer or vehicle control was plotted on a KaplanMeier curve. Arrow indicates time of α-GalCer administration (40 days). B) Splenocytes from DTG
mice treated with α-GalCer or vehicle control were stimulated ex vivo in medium alone or in medium
with α-GalCer for 48 hours before measuring cytokine production by ELISA.
This work is licensed under the Creative Commons Attribution-NonCommercial-ShareAlike 3.0
Unported License (CC BY-NC-SA 3.0). Li et al. Med Sci (Basel), 2014.
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dam and a heterozygous c-Myc transgenic sire. Only 50% of the progeny will inherit the
c-Myc transgene and therefore only half will be B6-DTG (Figure 4.2 A). Initial
characterization of the B6-DTG mice confirmed they do develop lymphoma. Specifically,
the B6-DTG mice show both splenomegaly and lymphadenopathy when compared to
both C57BL/6 and IL-14 transgenic mice (Figure 4.2 B). The B6-DTG mice also have
increased numbers of B cells in the spleen (Figure 4.2 C). H&E staining revealed that the
splenic architecture of B6-DTG mice had been replaced by a homogenous layer of cancer
cells (Figure 4.2 D). However, when we injected B6-DTG mice with α-GalCer, treatment
did not provide an increase in survival compared to vehicle (Figure 4.3). Therefore, we
sought to determine mechanisms underpinning the lack of responsiveness of the B6-DTG
mice to α-GalCer therapy.
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Figure 4.2. Characterization of the B6-DTG mouse model.
A) The breeding scheme used to generate B6-DTG mice. The B6-DTG mice are generated by crossing
c-Myc +/- males with IL-14 +/+ females. B) Gross representative images of the spleens and lymph
nodes of B6-DTG mice compared to control mice. C) Absolute numbers of B cells present in the
spleens of B6-DTG and control mice determined by staining positive for CD19 and B220 by flow
cytometry. D) H&E staining of C57BL/6 and B6-DTG spleens.
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Figure 4.3. Survival of B6-DTG mice injected with α-GalCer or vehicle control.
40 day old B6-DTG mice were injected via the tail vein with either 2g of α-GalCer or 0.02% DMSO
in 100L of PBS. Mice were monitored daily for any external signs of tumor growth or clinical
symptoms until they reached endpoint as determined by clinical score. Statistical significance was
meaured using a log-rank test. p = 0.5323

4.4.

Results
In order to begin to address the mechanisms underpinning the lack of

responsiveness of the B6-DTG mice to α-GalCer therapy, we started by asking three
questions around how tumors in B6-DTG mice escape cancer immune surveillance. First,
is there a defect in effector cell function? Second, are the tumor cells poorly
immunogenic? Finally, are immune suppressive cells playing a role?
To address the first question, we examined the NKT cell population in the spleen,
thymus, lymph nodes, liver, and bone marrow in both wild type and B6-DTG mice by
flow cytometry. To identify NKT cells, we use α-GalCer-loaded tetramer and anti-CD3
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(Figure 4.4 A). NKT cells were present in equal numbers in the livers and spleens of both
wild type and B6-DTG mice (Figure 4.4 B, C). Once we confirmed that NKT cells were
present in B6-DTG mice, we then examined whether α-GalCer administration increased
NKT cell numbers or improved NKT cell function. α-GalCer administration neither

Figure 4.4. NKT cells in wildtype and B6-DTG mice.
A) Liver mononuclear cells from C57Bl/6 and B6-DTG mice were analyzed for levels of NKT cells
using CD3 and α-GalCer loaded tetramer. B) Percentages and absolute numbers of liver NKT cells. C)
Percentages and absolute numbers of splenic NKT cells.

86

increased NKT cell numbers (Figure 4.5 A, B), nor improved effector cell function
(Figure 4.5 C, D). These data suggested that there was not an intrinsic defect in NKT
effector cell function in B6-DTG mice and thus another mechanism thwarted the αGalCer-mediated enhancement of antitumor immunity.
To determine whether the tumor cells were poorly immunogenic, we investigated
the ability of wild type or B6-DTG splenocytes to stimulate IL-2 production by DN32.D3
NKT cell hybridomas. Splenocytes isolated from wild type or B6-DTG mice were pulsed
with 100ng/mL α-GalCer for four hours, and then washed before culturing with NKT

Figure 4.5. NKT cell function in α-GalCer treated B6-DTG mice.
Splenocytes from B6-DTG mice treated with α-GalCer or vehicle were analyzed for levels of NKT cells
by flow cytometry. The (A) percentages and (B) absolute numbers of NKT cells are shown. The
splenocytes were then stimulated using (C) anti-CD3/CD26 beads or (D) PMAI and IFN-γ production
was measured by ELISA.
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cells. As shown in Figure 4.6, both the wild type and B6-DTG α-GalCer-loaded
splenocytes activated NKT cells. Thus, we concluded that the tumor cells can act as
antigen presenting cells for NKT cells.
4.4.1. Immune suppressive cell populations in B6-DTG mice
Once we concluded that B6-DTG mice were not defective in NKT effector cell
function, and that B6-DTG tumor cells can be recognized by NKT cells when loaded
with α-GalCer, we asked whether immune suppressive cells played a role in the poor
response. Preliminary analysis examining the levels of three different immunosuppressive
cell populations in B6-DTG showed that MDSCs were the only immunosuppressive cell
population that was significantly increased (Figure 4.7). Classically, MDSCs are defined
as CD11b+/Gr1+; however, this staining may include other cell types. Therefore, we
conducted functional tests to determine if the population we identified was indeed
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Figure 4.6. Splenocyte co-culture with DN32.D3 NKT cell hybridomas.
Splenocytes were collected from wild type and B6-DTG mice and incubated in media alone or αGalCer, washed, and then co-cultured with the DN32.D3 NKT cell hybridoma cell line. The
supernatants were then analyzed for IL-2 levels by ELISA.
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immunosuppressive. We then co-cultured an enriched population of these cells (Figure
4.8 A-B) in increasing ratios with DN32.D3 NKT cell hybridomas in the presence of
aAPC (microbeads coated with α-GalCer loaded CD1d-Ig dimer and anti-CD28 to
specifically activate NKT cells), beads coated with anti-CD3 and anti-CD28 to activate
all T cells, or PMA and ionomycin (PMAI) to activate all lymphocytes. The levels of
secreted IL-2 by ELISA was measured as an indication of NKT cell activation. If the
CD11b+/Gr1+ population were indeed MDSCs, we expected that increasing the ratio of
CD11b+/Gr1+ cells to NKT cells would result in a relative decrease in NKT cell
activation.
Increasing the amount of the enriched CD11b+/Gr1+ population led to decreased
cytokine production (Figure 4.8 C-D), suggesting that the CD11b+/Gr1+ population was
indeed able to suppress NKT cell activation (p < 0.0001 by two-way ANOVA) and

Figure 4.7. MDSCs are elevated in the spleens of B6-DTG mice.
Splenocytes were collected from wild type and B6-DTG mice and the levels of (A) Tregs (CD3+ /
CD25+), (B) macrophages (CD11b+ / F4/80+), and (C) MDSCs (CD11b+ / Gr1+) were determined by
flow cytometry. The percentages and absolute cell numbers of the indicated populations are shown.
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therefore could represent a bona fide MDSC population. Therefore, we hypothesized that
anti-tumor immunity is being abrogated in B6-DTG mice by MDSCs that persist
following α-GalCer administration, which negatively impacts the induction of anti-tumor
immune responses.
4.4.2. MDSC subsets in α-GalCer treated B6-DTG mice
Several studies have reported that NKT cells can reduce MDSC levels, while
others have found NKT cell can increase MDSC numbers.166,232,233 In addition, as
described above, MDSCs are heterogeneous made up of both M-MDSCs (monocytic) and

Figure 4.8. Immunosuppressive function of B6-DTG splenic MDSCs.
Splenocytes were isolated from B6-DTG mice and MDSC enrichment was performed using the
StemCell Mouse MDSC Enrichment Kit. A) Splenocytes pre-enrichment and (B) post-enrichment were
stained for the MDSC markers CD11b and GR1. The MDSC enriched population was then co-cultured
in increasing ratios with the DN32.D3 NKT cell hybridoma cell line with either aAPC, CD3/CD28, or
PMAI stimulation for 24 hours. C) IL-2 production (p < 0.0001) and (D) GM-CSF production (p =
0.0146) were measured by ELISA after co-culture. Significance was determined by two-way ANOVA.
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PMN-MDSCs (granulocytic).243,244 Therefore, we set out to determine the effect of αGalCer treatment on the levels of specific subsets of MDSCs in the B6-DTG model, as
well as any changes in their immunosuppressive function.
MDSC populations in B6-DTG mice treated with α-GalCer or vehicle control
were analyzed by flow cytometry (Figure 4.9 A). We did not observe any significant
difference in the percentage or total number of splenic MDSCs between α-GalCer and
vehicle-treated mice (Figure 4.9 B, C).
Work by Borim An et al. found a unique link between CD1d expression and
MDSC function.245 In their 2018 study, they examined the MDSC populations of human
patients receiving hematopoietic stem cell transplant for markers that would indicate the

Figure 4.9. MDSCs in B6-DTG following α-GalCer treatment.
A) Splenocytes were isolated from B6-DTG mice treated with α-GalCer or vehicle control (DMSO) and
analyzed by flow cytometry. The (B) percentage and (C) total number of MDSCs in the spleen of the
treated mice were determined. (D) In addition, the percentage of CD1d+ MDSCs was also determined
by flow cytometry.
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extent of their immunosuppressive function. They found that CD1d+ M-MDSCs suppress
T cell function to a greater extent than their CD1d- M-MDSC counterparts. Interestingly,
we found that the percentage of CD1d+ MDSCs was significantly increased in our αGalCer treated mice compared to vehicle treated mice (Figure 4.9 D). This suggested that
the effectiveness of α-GalCer therapy may be limited by the enhanced development of
this unique MDSC population.
Given that MDSCs are heterogeneous in nature, we sought to determine whether
the observed change in the mouse population was similar to the one identified in human
patients.245 Accordingly, we utilized flow cytometry with a more detailed staining
procedure to distinguish between the two main subpopulations of MDSCs, M-MDSCs
(CD11b/Ly6C+) and PMN-MDSCs (CD11b/Ly6G+), as well as measure CD1d surface
expression in α-GalCer and vehicle treated B6-DTG mice (Figure 4.10, 4.11 A). We
found that injection of α-GalCer resulted in an increase in splenic M-MDSCs relative to
PMN-MDSCs (Figure 4.11 B, C), but not in the livers (Figure 4.11 D, E) or lymph nodes
(Figure 4.11 F, G).

Figure 4.10. Diagram of MDSC and macrophage subpopulations by flow cytometry.
Subpopulations of MDSCs can be stratified based on Ly6C and Ly6G expression. MDSCs are CD11b+.
lo
The M-MDSC population is Ly6C+ and Ly6G-. The PMN-MDSC population is Ly6G+ and Ly6C .
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With respect to CD1d expression, it is worth noting that the data was collected in
two experiments. The second experiment only included one B6-DTG mouse, which was
the only mouse that showed no increase in MDSC CD1d expression (Figure 4.9 D).

Figure 4.11. Splenic M-MDSC and PMN-MDSC population in treated B6-DTG mice.
B6-DTG mice were treated with α-GalCer or vehicle control and analyzed by flow cytometry. (A)
Representative flow plots for the identification of M-MDSCs and PMN-MDSCs. Total number of
splenic, liver, and lymph node M-MDSCs (B, D, F) and PMN-MDSCs (C, E, G).
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Figure 4.12A shows a representative plot for how CD1d expression was assessed in the
subpopulations of MDSCs in treated B6-DTG mice, with the unfilled plots being the
vehicle treated mice and the filled-in plots being the α-GalCer treated mice. Experiment 1
showed a significant increase in CD1d expression on splenic M-MDSCs (Figure 4.12 B)
but not on splenic PMN-MDSCs (Figure 4.12 C). Experiment 2, in which only one B6DTG mouse was used and therefore statistical significance could not be calculated, did

Figure 4.12. CD1d expression on splenic MDSCs in treated B6-DTG mice.
B6-DTG mice were treated with α-GalCer or vehicle control and analyzed by flow cytometry. (A)
Representative flow plots for the identification of M-MDSCs and PMN-MDSCs and subsequent CD1d
expression. Data was collected in two experiments. The CD1d mean fluorescent intensity (MFI) is
shown for M-MDSCs (B, C) and PMN-MDSCs (D, E).
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not show significant difference in CD1d expression between α-GalCer- and vehicletreated B6-DTG mice within the M-MDSC or PMN-MDSC populations. We also found
that α-GalCer treatment resulted in a significant increase in CD1d expression on liver MMDSCs but not lymph node M-MDSCs (Figure 4.13).
4.4.3. InvestigatingCD1d+ M-MDSC mechanisms of immune suppression
After finding evidence that α-GalCer injection resulted in increased CD1d
expression on the M-MDSC populations in both the spleen and liver of B6-DTG mice,
we next sought to determine if the CD1d+ M-MDSCs had enhanced immunosuppressive
abilities compared to CD1d- M-MDSCs. B6-DTG mice were injected with α-GalCer and
allowed to progress to the clinical endpoint, when their spleens were harvested and the
MDSC population was enriched using magnetic bead-negative selection. The enriched
MDSC population was then stained for the M-MDSC markers CD11b and Ly6C in
addition to CD1d. We FACS-sorted pure populations of CD1d+ and CD1d- M-MDSCs
and used them in co-culture with the DN32.D3 NKT cell hybridoma along with aAPC to
activate the NKT cells. NKT activation was measured by cytokine production.

Figure 4.13. CD1d expression on lymph node and liver MDSCs in treated B6-DTG mice.
B6-DTG mice were treated with α-GalCer or vehicle control and analyzed by flow cytometry. The
CD1d MFI of M-MDSCs in the (A) liver and (B) lymph nodes of B6-DTG mice treated with α-GalCer
or vehicle control are shown.
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We detected no significant suppressive activity upon the addition of MDSCs into
culture with DN32.D3 NKT hybridomas. Additionally, we did not detect any change in
immunosuppressive activity between CD1d- and CD1d+ M-MDSCs for any of the
cytokines measured (Figure 4.14). While there are some interesting trends that must be

Figure 4.14. MDSC suppression of NKT cell cytokine production.
DN32.D3 NKT hybridomas were stimulated with aAPC and co-cultured 1:1 with an enriched
population of MDSCs (bulk), sorted CD1d- M-MDSCs (CD1d-), or sorted CD1d+ MDSCs (CD1d+).
(A) IL.2, (B) IL-4, (C) IL-6, (D) IL-13, and (E) GM-CSF levels in the supernatant were measured by
ELISA.
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further examined, such as a possible increase in the Th2 cytokine IL-13 when co-cultured
with CD1d+ M-MDSCs relative to CD1d- M-MDSCs, we cannot definitively say if there
is a functional difference between the two MDSC subsets in the B6-DTG model.
4.5.

Discussion
The B6-DTG mouse model has the potential to provide insight into the multitude

of factors that can promote immune evasion and ultimately tumor growth in B cell
lymphoma. However, its nature as a spontaneous tumor model also results in multiple
obstacles against its efficient use. One of the major obstacles is the unpredictable nature
of tumor development. In the original model, tumors became clinically noticeable
between 12-16 weeks of age.178,239 However, once we moved to the B6-DTG model, the
window of tumor development expanded to around 10-18 weeks (Figure 4.3). We do not
know the basis for this difference in kinetics, but it certainly may have influenced the
outcomes of our study.
In the initial study on the effectiveness of α-GalCer treatment in delaying or
preventing tumor development in the DTG model, it was found that α-GalCer treatment
at week 8, about 4 weeks prior to initial tumor development at 12 weeks, resulted in
100% survival compared to 0% in the vehicle treated group. The effectiveness of early
treatment, prior to any signs of tumor development, was likely in part due to
enhancement of anti-tumor activity in the pre-clinical stages of tumor development
before the acquisition of stronger immune evasion mechanisms by the tumor. However,
we suggest that the timing of early tumor development changed significantly in the B6DTG mouse model given the shift in the timing of clinical outcomes. If the pre-clinical
stages began earlier in the B6-DTG models, suggested by earlier development of clinical

97

signs of cancer, this is one potential explanation for the ineffectiveness of α-GalCer
therapy in the B6-DTG model compared to the original DTG model.
Another possible reason for changes in outcomes between the two models is a
difference in baseline immune profiles of the mice. C57BL/6 mice have a strong Th1 bias
compared to other laboratory mouse strains. While this Th1 bias is traditionally thought
to be beneficial for anti-tumor immunity, it is possible that the greater pressure from the
immune system results in a more aggressive tumor that is resistant to immunotherapy.
This would manifest as decreased effectiveness of α-GalCer treatment, as the tumors
have already evolved to resist the pro-inflammatory Th1-type response induced in NKT
cells by α-GalCer. While establishing the DTG model on the C57BL/6 background was
critical to assess the immunological factors responsive for -GalCer mediated protection,
extensive characterization is needed to define the timeline of disease progression and the
molecular characteristics of the emerging tumors.
Despite the significant obstacles introduced in adopting the B6-DTG mouse
model, we were able to build strong evidence that MDSCs play a major role in blocking
the effectiveness of α-GalCer therapy in the B6-DTG model. We showed that NKT cells
in B6-DTG mice are still present (Figure 4.5) and that splenocytes from B6-DTG mice,
which likely contain a significant portion of tumor cells, were able to activate NKT cells
in the presence of α-GalCer (Figure 4.6). We further showed that MDSCs were
significantly increased in B6-DTG mice (Figure 4.7) and could suppress lymphocyte
activation in vitro (Figure 4.8). Finally, we showed that treatment with α-GalCer resulted
in specific alterations in MDSC subpopulations, resulting in an increase in both liver and
splenic CD1d+ M-MDSCs relative to vehicle-treated B6-DTG mice (Figure 4.9 - 4.13).

98

Subsequent analysis of the functional differences between CD1d- and CD1d+ MMDSCs did not reveal any broad functional differences between the two with respect to
suppressing NKT cell function (Figure 4.14). However, there were several obstacles that
may have decreased the chance of obtaining significant results. First, cell numbers were
extremely limited. As opposed to the initial studies where we identified the CD1d+
MDSC population, in which all mice were analyzed after reaching clinical endpoint, we
instead isolated MDSCs from all mice once they reached 14 weeks of age. We chose 14
weeks as the time when the majority of mice would be ill but not at clinical endpoint.
Given that MDSCs are a relatively rare population, this would allow us to pool multiple
mice organs in order to obtain the cell numbers required for the co-culture studies.
However, while some mice reached clinical endpoint before 14 weeks, we found that a
significant portion of mice had no internal signs of disease progression at 14 weeks,
resulting in much lower than expected cell numbers. This, in turn, meant we were only
able to setup co-cultures at 1:1 NKT:MDSC ratios, which showed some, but minimal,
suppression in Figure 4.8. In addition, the mouse colonies were found to have additional
microbe contamination that required them to be on antibiotic water, the effects of which
are unknown with respect to our studies. Despite these obstacles, we still observed
interesting trends in our co-culture studies (Figure 4.14) and, combined with recent
human data, feel that further investigation of the role of CD1d+ M-MDSCs in the B6DTG model is warranted.245
Future studies should first extensively characterize the timeline of disease
progression and molecular characteristics of tumors in the B6-DTG model. The current
classification of the DTG model as a human MCL model relied heavily on the presence
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of the classic MCL marker, cyclin-D1; however, cyclin-D1 is overexpressed in a large
range of tumors.239,246 A more thorough characterization of the model is essential to
understanding the applicability of any experimental insights.
Regardless of exactly which human tumor type is recapitulated by the mouse B6DTG model, future studies can utilize it in combination with α-GalCer treatment in order
to generate significant numbers of CD1d+ M-MDSCs to repeat co-culture experiments
and identify changes in immunosuppressive function. These changes may be due to
decreased inflammatory cytokine production or potentially increased Th2 or antiinflammatory cytokines such as IL-4 or IL-13 from either MDSCs or NKT cells.
Additionally, GM-CSF could be particularly interesting as it can promote more MDSC
development.
In addition to examining their immunosuppressive function, future studies will
also seek to determine the specific mechanisms employed by these MDSC subsets to
ultimately provide insight into how they can be inhibited therapeutically. We began to
approach this question utilizing a transwell assay to determine if cell-to-cell contact is
required for immune suppression (data not shown). While the trends we identified
suggested both secreted and cell-to-cell contact mediated mechanisms were important,
the results did not reach statistical significance, likely due to the constraints as previously
discussed. Repeating this study with higher cell numbers would improve our
understanding of the role of MDSCs in the B6-DTG model.
Finally, future studies should utilize qPCR to measure the expression of different
genes know to be utilized by MDSCs to suppress immune activation, such as Arg1, NOS,
and IDO.212,213,224,225,247 Once these target genes are identified, future studies should then
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utilize known inhibitors of these suppressive factors to determine if blockade can
alleviate immune suppression on NKT cells. Identifying the mechanisms utilized by
MDSCs to suppress immune function, particularly how these mechanisms may change
between subpopulations of MDSCs and which are more effective, will both provide
insight into a novel MDSC subpopulation but also provide a strong opportunity to impact
human health given the identification of this novel subset in human patients.245
While these studies did not allow us to draw strong conclusions on the mechanism
of immune suppression, they led to the identification of novel subpopulations of MDSCs
that may directly impact disease progression.
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5.1.

Introduction
NKT cells are a unique subset of lymphocytes that activate and link the innate and

adaptive immune systems. NKT cells recognize self and foreign glycolipid antigens when
presented by the non-classical, class I MHC- molecule, CD1d.170 Upon recognition of the
lipid antigen: CD1d complex, NKT cells rapidly release a plethora of cytokines and can
mediate cytotoxicity 16,36,42. NKT cells have been demonstrated to play a role in
autoimmune disease,167 tumor surveillance,16,144,248 infectious disease, and inflammatory
conditions such as ischemia reperfusion injury.169
A hallmark of cancer cell survival is their ability to evade immune destruction.249
This is essential for the tumor because the host’s immune system possesses the potential
to eliminate malignancies, which frequently involves a multi-layered process that
includes early recognition events by mediators of innate immunity, followed by the
development of a strong and highly specific adaptive immune response. As a bridge
between innate and adaptive immunity, NKT cells have the capacity to mount strong antitumor responses and have thus become a major focus in the development of effective
cancer immunotherapy.
In this respect, NKT cells have been shown to augment anti-tumor responses due,
in part, to their capacity for rapid production of large amounts of IFN-, which acts on
natural killer (NK) cells to target MHC-negative tumors, and also, to target CD8
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cytotoxic T cells to promote killing of MHC-positive tumors.38 In good agreement,
findings from our lab and others have provided evidence that, in a variety of tumor
models, treatment of mice with a specific and potent activator of NKT cells, Galactosylceramide (-GalCer), triggers elimination of both MHC-negative and MHCpositive tumor cells, resulting in tumor eradication without detectable tumor
recurrence.40,175,176,178,250 Despite promising preclinical studies, clinical results have been
disappointing, perhaps because NKT cells are reduced in both number and function in
many cancer patients.44,181,182,251 It has been found that even after effective removal of the
tumor by surgery or radiotherapy, NKT cell numbers are not restored to a normal
level.181,182 The mechanism for the loss of NKT cell number and function in cancer
patients has yet to be identified.
We hypothesized that an assessment of the stimulatory capacity of circulating
NKT/T cells and cytokine levels in patients with B cell malignancies could facilitate
improvements in the diagnostic workup to identify personalized treatment options for
lymphoma patients. In the current study we assessed total T cell and NKT cell function in
lymphoma patients compared to healthy donors using an artificial antigen presenting cell
(aAPC) stimulation protocol in combination with quantitative RT-PCR (qPCR).252 Our
assay was used to assess IFN-γ induction as a marker of NKT/T cell activation. In
addition, we measured several cytokines in the plasma of lymphoma patients to
determine if levels correlated with immune cell function or relapse. We found that NKT
cell activation and TGF-β1 levels inversely correlated with relapse within our cohort.
Therefore, the development of immune profiles using NKT cell function along with
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serum cytokines levels may help to define the immune status of patients and may one day
contribute to treatment decisions.
5.2.

Methodology

Study Design
Peripheral blood was collected from lymphoma patients at the University of Maryland
Greenbaum Cancer Center prior to treatment. Written informed consent was obtained
from all lymphoma patients before participation and the Institutional Review Board of the
University of Maryland School of Medicine approved this study. All lymphoma patients
were included in comparisons between lymphoma patients and healthy donors. When the
post-treatment outcomes were available, they were used to categorize patients into those
who did or did not experience relapse for subsequent comparisons. This study included
34 healthy donors and 50 lymphoma patients diagnosed with outcomes available for 44
lymphoma patients (relapse: n= 18; no relapse: n=26) with a median follow-up of 60
months from diagnosis. In addition, lymphoma patients (n=5) were utilized in a followup experiment, including four patients not included in the original analysis.
Isolation of Human PBMCs
Lymphoma patient peripheral blood mononuclear cells (PBMCs) were isolated using BD
Vacutainer CPT Tubes for Molecular Diagnostics (20-959-51D; Fisher Scientific,
Suwanee, GA). Healthy donor PBMCs were isolated from buffy coats using FicollHypaque (Amersham Pharmacia Biotek, Uppsala, Sweden) in SepMate-50 tubes
(StemCell Technologies, Vancouver, BC, Canada), according to manufacturer’s
instructions.
Generation of aAPC
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CD1d-aAPCs and anti-CD3/CD28 beads were generated as previously described.240
Briefly, hCD1d-Ig (recombinant soluble dimeric Human CD1d:Ig Fusion Protein; BD
Pharmingen; catalog no. 557764) or anti-CD3 mAb (BioLegend; catalog no. 317303) and
anti-CD28 mAb (BioLegend; catalog no. 302933) were conjugated to M-450 Dynabeads
(ThermoFisher; catalog no. 14011). The CD1d-aAPCs were then loaded with αGalactosylceramide (Axxora, catalog no. BV-2152-1000).
Stimulation of PBMCs
PBMCs were stimulated for 4 hours at 37° with anti-CD3-CD28 coated beads or αGalactosylceramide loaded aAPCs. Cell culture medium/empty beads or unloaded aAPCs
served as negative controls.
ELISA
IL-10 and IL-6 levels from healthy donor or lymphoma patient plasma were determined
by standard sandwich ELISA (BioLegend, catalog no. 430607 and 430507). Semaphorin
4D (Sema4D) concentration in the plasma was determined using direct ELISA. In brief,
Immulon 4 HBX microtiter plates (Thermo Scientific, Waltham, MA) were coated with
50 microliters of undiluted plasma, washed, then incubated with anti-human CD100
antibody (clone: 133-1C6; Novus Biologicals). Goat anti-mouse IgM-HRP (catalog no.
M31507; Life Technologies) was added followed by detection with TMB (Pierce). The
plasma concentrations of Sema4D were calculated using the standard curve established
for recombinant Sema4D (catalog no. 310-29; Peprotech, Rocky Hill, NJ). The detection
limit was 3.1 ng/mL. Mouse IgM isotype control was used for the direct ELISA assay
(Abcam, catalog no. ab91546). For detection of TGF-β1, Human ELISA TGF-β1 total kit
was used following manufacturer recommendations using patient or healthy donor
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plasma (catalog no.436707; BioLegend, San Diego, CA). All samples were run in
triplicate and plates were read using BioTek Synergy microplate spectrophotometer at
450nm wavelength.
Statistical Analysis
Study data were plotted using box and whisker, bar, or scatter plots using the mean +/SEM. Distribution of the continuous variable were compared between two groups using
the two-tailed t-test with Welch’s correction. Statistical analysis was performed using
Prism 5.02 software (GraphPad).
5.3.

Results

5.3.1. Study demographics and characteristics of Healthy Donors and Lymphoma
Patients
This study included 34 healthy donors and 50 lymphoma patients. Among the
lymphoma patients, outcomes were available for 44 patients with 18 patients who
experienced a relapse and 26 patients who did not experience a relapse. Table 5.1 shows
the characteristics of both healthy donors and lymphoma patients. Our study includes
patients with a range of lymphoma subtypes including both Hodgkin’s lymphoma (HL;
24%), and non-Hodgkin’s lymphoma (NHL; 76%). Our NHL patients included mantle
cell lymphoma (MCL; 4%), marginal zone lymphoma (MZL; 8%), follicular lymphoma
(FL; 18%), diffuse large B cell lymphoma (DLBCL; 20%), and not otherwise specified
(NHL-NOS; 26%). Figure 5.1 shows representative histologic images of patients in this
study including HL (Figure 5.1 A-C, NKT cell function = 10.53, T cell function = 5.4,
relapse), MZL (Figure 5.1 D-F, NKT cell function = 0.02, T cell function = 0, relapse),
anaplastic variant DLBCL (Figure 5.1 G-I, NKT cell function = 0.04, T cell function =
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0.4, no relapse), and EBV-positive DLBCL (Figure 5.1 J-L, NKT cell function = 20.99, T
cell function = 3.38, no relapse). In addition, the distribution of females and males

Table 5.1. Study demographics and characteristics of Healthy Donors and Lymphoma Patients
according to NKT/T cell function.
Available demographics and immune function scores for all individuals included in this study are
highlighted in the table. Ratios adjacent to each characteristic indicate how many individuals had that
information available. HL: Hodgkin’s lymphoma; NHL-NOS: non-Hodgkin’s lymphoma-not otherwise
specified; DLBCL: diffuse large B cell lymphoma; FL: follicular lymphoma; MCL: mantle cell
lymphoma; MZL: marginal zone lymphoma.
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included in this study was similar for both healthy donors (52.9% female) and lymphoma
patients (46.9% female).

Figure 5.1. Histologic images.
(A – C) Classic Hodgkin lymphoma, demonstrating a mixed inflammatory background and a neoplastic
large binucleated Reed Sternberg cell (A – H&E, 1000x). These are immunoreactive for CD30 (B –
400x) and CD15 (C – 400x). (D – F) Marginal zone lymphoma. A peripheral blood smear (D – Wright
Giemsa stain, 1000x) demonstrates atypical lymphocytosis comprised of medium sized cells with
mature chromatin and moderate amounts of pale cytoplasm. The bone marrow (E – H&E, 400x) was
diffusely involved by a mature atypical lymphoid proliferation forming interstitial sheets, which was
strongly CD20 positive (F – 200x), and CD5-/CD10-/CD103-/kappa light chain restricted by flow
cytometry. (G – I) Diffuse large B-cell lymphoma, anaplastic variant, featuring sheets of large highly
irregular cells (G – H&E, 400x) with marked anaplasia (H – H&E, 1000x), and diffuse CD20
immunoreactivity (I – 400x). (J – L) EBV-positive diffuse large B-cell lymphoma, formerly of the
elderly, displays (J – H&E, 400x) sheets of large atypical lymphocytes with irregular nuclear contours,
vesicular chromatin, and prominent nucleoli, with (K – 400x) diffuse strong CD20 staining highlighting
large irregular forms, and (L – 1000x) EBER positivity by in situ hybridization staining.
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It is worth noting that, while not the focus of this study, we observed differences
in NKT cell function between female (2.54 ± 0.6) and male (7.7 ± 2.81) healthy donors
(Table 5.1). This decrease in NKT cell function, as determined by fold induction of IFNγ, in females relative to males has been previously reported.253 In addition to including a
range of lymphoma subtypes, this study also included lymphoma patients with diverse
ages and racial backgrounds. While 44% of the patients with age information available
were in the 60+ age range (Table 5.1), the youngest patient included was 25 years old
while the oldest was 72 years old. Finally, this study included patients from multiple
racial backgrounds including Black (15.6%), Hispanic (6.3%), Asian (3.1%), and White
(75%) among those for whom racial background information is available.
5.3.2. Number and function of circulating NKT cells from lymphoma patients and
healthy donors
To assess NKT cell number in lymphoma patients, we measured the percentage of
NKT cells in the peripheral blood mononuclear cell (PBMC) fraction of healthy donors
and lymphoma patients. The percentage of NKT cells in both healthy donors and
lymphoma patients prior to treatment was relatively low. We found that the percentage of
NKT cells was slightly, but not significantly, lower in lymphoma patient PBMCs (0.07 ±
0.02) compared to healthy donors (0.17 ± 0.06) (Figure 5.2A). This decrease in NKT cell
percentage in lymphoma patient PBMCs is consistent with previously published
studies.178,254
Next, we sought to measure both total T and NKT cell function in healthy donors
and lymphoma patients using anti-CD3-CD28 coated beads or our previously established
aAPC-qPCR method.252 We found that total T cell function was decreased in lymphoma
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patients relative to healthy donors (5.136 ± 1.61 vs. 22.540 ± 13.07 IFN-γ induction fold
change) (Table 1). It has been previously reported that NKT cells from mice with
lymphoma fail to produce IFN-γ to the same extent as NKT cells from healthy mice when
stimulated with the NKT cell agonist α- Galactosylceramide.178 Similarly, NKT cells
from healthy donors showed a greater level of activation, as measured by fold induction
of IFN-γ, compared to NKT cells from lymphoma patients (4.13 ± 0.92 vs. 3.72 ± 1.02),
although this difference failed to reach statistical significance (Figure 5.2B). In addition,

Figure 5.2. Number and function of circulating NKT cells from lymphoma patients and healthy
donors.
A) Peripheral blood mononuclear cells (PBMC) were isolated from healthy donors and cancer patients.
Cells were stained for Va24+Vb11+ or iNKT+CD3+ and analyzed by flow cytometry. Scatterplots
demonstrate the variation in the percentages of NKT cells. (B) Circulating NKT cells from Lymphoma
Patients are functionally impaired. PBMC were stimulated with CD1D-Ig/aCD28 aAPC loaded with αGalCer to activate NKT cells or anti-CD3/CD28 microbeads to stimulate T cells for 4h. RNA was
extracted and qPCR was performed to assess IFN-g and 18S. Fold induction was calculated relative to
the control (cells stimulated with empty beads). (C) NKT cell function in specific lymphoma subtypes.
(D) Total T cell function in specific lymphoma subtypes. HL: Hodgkin’s lymphoma; NHL-NOS: nonHodgkin’s lymphoma-not otherwise specified; DLBCL: diffuse large B cell lymphoma; FL: follicular
lymphoma; MCL: mantle cell lymphoma; MZL: marginal zone lymphoma.
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we were only able to detect NKT cell function, as determined by a greater than 1.5 fold
increase in IFN-γ, in 44% of our lymphoma patients (n = 22/50) compared to 82% of our
healthy donors (n = 28/34).
After detecting a decrease in both NKT cell number and function in lymphoma
patients, compared to healthy donors, we further investigated our cohort of lymphoma
patients. While total T cell function and NKT cell function were similar for the majority
of patients, there are instances, such as in mantle cell lymphoma (MCL), where NKT and
T cell trends are different, as shown in Figure 5.2C-D. The fact that the MCL patients had
the lowest level of NKT cell function is interesting and aligns with our prior report which
found that NKT cells from human MCL patients failed to expand to the same extent as
healthy donor NKT cells when cultured with aAPCs or produce IFN-γ when stimulated
with anti-CD3-CD28 beads or PMA and ionomycin.254 Thus, NKT cell function is a
unique marker, distinct from T cell function, in MCL patients.
5.3.3. Cytokine levels in healthy donors and lymphoma patients
In addition to NKT cell function, we aimed to characterize the cytokine profiles in
lymphoma patients compared to healthy donors. NKT cell are known to produce a wide
variety of both pro- and anti-inflammatory cytokines,171,206,255–257 and we speculated that
an assessment of serum cytokines would both provide insight into the mechanism of
NKT cell dysfunction in lymphoma patients and may serve as a prognostic factor for
patients. Notably, serum cytokines are derived from a variety of cellular sources and are
not specific to NKT cells. We focused on four cytokines: IL-10 (anti-inflammatory), IL-6
(pro-inflammatory), Sema4D (anti-inflammatory), and TGF-β1 (anti-inflammatory). We
found that lymphoma patients had significantly elevated levels of IL-10 (116.3 ± 46.97
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vs. 2.190 ± 2.76 pg/ml), IL-6 (60.66 ± 26.08 vs. 0 pg/ml) and Sema4D (153.3 ± 28.24 vs.
24.59 ± 5.5 ng/ml) compared to healthy donors (Figure 5.3A-C). Of all the elevated
cytokines, Sema4D levels was the most significantly upregulated (p = 0.002). Sema4D
was recently implicated as a biomarker in human head and neck squamous cell
carcinoma, with higher levels found in those with disease compared to healthy donors.258
The data in this study may justify expanding the range of cancers in which Sema4D can
serve as a biomarker.
We also found that lymphoma patients had significantly decreased levels of TGFβ1 compared to healthy donors (6.23 ± 2.37 vs. 135.2 ± 15.63 pg/ml) (Figure 5.3D).
TGF-β1 is commonly viewed as an immunosuppressive cytokine and has been shown to
be produced by immunosuppressive cells, such as MDSCs, to suppress anti-tumor

Figure 5.3. Cytokine levels in healthy donors and lymphoma patients.
Plasma from healthy donors (n=8) or lymphoma patients (n=16) was analyzed by ELISA for levels of
(A) IL-10, (B) IL-6, (C) Sema4D, or (D) TGF-β.
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immunity and promote tumor growth.212 In addition, expression of TGF-β1 mRNA was
found to be twice as high in patients diagnosed with high-grade lymphomas compared to
patients with low-grade lymphomas.259 Therefore, our data was unexpected as TGF-β1
was found to be significantly decreased in the cancer patients compared to healthy
donors.
5.3.4. TGF-β levels inversely correlate with relapse in lymphoma patients
After determining differences in the cytokine profiles of lymphoma patients
compared to healthy donors, we focused on the possibility that cytokine levels could
serve as a predictive factor for relapse within our lymphoma patient cohort. After
excluding patients that did not have outcome data available (n=6), we examined the
cytokine levels in lymphoma patients who did or did not experience relapse after therapy
at the time of this study (n=44). We found no correlation between relapse and the levels
of IL-10, IL-6, or Sema4D at diagnosis (Figure 5.4A-C). We found that, with a median
follow up of 60 months, lymphoma patients who experienced a relapse had significantly
lower levels of TGF-β prior to treatment compared to those who did not experience a
relapse (0 vs. 9.1 ± 2.42 pg/ml) (Figure 5.4D). This was once again unexpected as high
levels of TGF-β are associated with immunosuppression and have been implicated in
promoting tumor growth.260,261
5.3.5. NKT cell function is a predictive factor for relapse in lymphoma patients
We previously identified NKT function as an independent marker from T cell
function that detected activation in 82% of healthy donors (n = 28/34) compared to 44%
of lymphoma patients (n = 22/50) (Figure 5.2B). Therefore, we sought to determine
whether our aAPC-qPCR platform for assessing NKT cell function could be used as a
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predictive factor for relapse in lymphoma patients. Patients in our lymphoma cohort who
did not have outcome data available were excluded and the 44 remaining were
categorized into those that either did or did not experience relapse. There was no
significance difference in the percentage of NKT cells between lymphoma patients who
did or did not (0.04 ± 0.04 vs. 0.10 ± 0.15 % NKT cells) experience a relapse (Figure 5.5
A). This held true when examining specific lymphoma subtypes as well (Figure 5.5 B-F).
T cell function, as measured by fold induction of IFN-γ following anti-CD3-CD28
stimulation, failed to show any significant difference between lymphoma patients who
did or did not (2.13 ± 0.62 vs. 4.89 ± 1.57 IFN-γ induction fold change) experience
relapse (Figure 5.6 A). Further analysis did not reveal any specific lymphoma subtype
with a significant difference in T cell function between patients who did and did not
relapse (Figure 5.7 F-J).

Figure 5.4. TGF-β levels inversely correlate with relapse in lymphoma patients.
Serum from lymphoma patients who either experienced relapse (n=3) or did not experience relapse
(n=11) was analyzed by ELISA for levels of (A) IL-10, (B) IL-6, (C) Sema4D, or (D) TGF-β1.
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Figure 5.5. NKT cell number in different lymphoma subtypes.
Peripheral blood mononuclear cells (PBMC) were isolated from healthy donors and cancer patients. Cells
were stained for Va24+Vb11+ or iNKT+CD3+ and analyzed by flow cytometry. Scatterplots demonstrate
the variation in the percentages of NKT cells overall (A), in diffuse large B cell lymphoma (B), follicular
lymphoma (C), mantle zone lymphoma (D), non-Hodgkin’s lymphoma not otherwise specified (E), and
Hodgkin’s lymphoma (F) patients who did or did not relapse.
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Figure 5.6. NKT cell function inversely correlates with relapse in lymphoma patients.
PBMC were stimulated with CD1D-Ig/aCD28 aAPC loaded with a-GalCer to activate NKT cells or antiCD3/CD28 microbeads to stimulate T cells for 4h. RNA was extracted and qPCR was performed to
assess IFN-g and 18S. Fold induction was calculated relative to the control (cells stimulated with empty
beads). (A) NKT cell and (B) T cell function in lymphoma patients who did (n=18) or did not (n=26)
relapse.
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Figure 5.7. NKT and T cell function in different lymphoma subtypes.
PBMC were stimulated with CD1D-Ig/aCD28 aAPC loaded with a-GalCer to activate NKT cells or antiCD3/CD28 microbeads to stimulate T cells for 4h. RNA was extracted and qPCR was performed to assess
IFN-g and 18S. Fold induction was calculated relative to the control (cells stimulated with empty beads).
(A-E) NKT cell and (F-J) T cell function in diffuse large B cell lymphoma, follicular lymphoma, mantle
zone lymphoma, non-Hodgkin’s lymphoma not otherwise specified, and Hodgkin’s lymphoma patients
who did or did not relapse.
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As previously reported, NKT cell number and function are often decreased in
cancer patients; however, this decrease was not observed in IFN-γ producing NKT cells
as determined by ELISPOT.182 It was recently reported that in B cell non-Hodgkin’s
lymphoma patients, the percentages of NKT cells were higher and T regulatory cells were
lower compared with patients with subsequent disease progression, both pre and posttreatment.219 Therefore, we sought to determine if NKT cell function, via induction of
IFN-γ mRNA upon stimulation, prior to treatment could predict which patients would
relapse and which patients would not. We found that NKT cell function was significantly
elevated in patients who did not experience a relapse compared to those who did (5.78 ±
1.83 vs. 1.64 ± 0.61 IFN-γ induction fold change) (Figure 5.6B). However, further
analysis did not reveal any specific lymphoma subtype with a significant difference in
NKT cell function between patients who did and did not relapse, which may be due to
limited patient numbers, although the difference appeared to be greatest for diffuse large
B cell and follicular lymphoma patients (Figure 5.7 A-E). Ultimately, NKT cell function
was significantly elevated in lymphoma patients who did not experience a relapse
compared to those who did. We also found that both NKT cell and T cell function in the
peripheral blood positively correlated with NKT cell and T cell function in the bone
marrow (Figure 5.8 A-B), often a tumor site in lymphoma patients. It is worth noting that
NKT cell function showed a more significant positive correlation between PBMCs and
bone marrow (Figure 5.8 C, p = 0.0539) compared to T cell function (Figure 5.8 D, p =
0.5421), which further supports the utility of NKT cell function, rather than general T cell
function, as a prognostic factor for lymphoma patients.
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5.4.

Discussion
The mechanisms underlying relapse in some patients when others do not is not

well understood. Therefore, the ability to predict what patients are more likely to relapse
is beneficial. Predictive factors for relapse help physicians focus their time and resources
for follow-up and alternate treatment regimens on those who are most likely to need
further intervention. To date, this is the first study to our knowledge that identifies NKT
cell function as a predictive factor for relapse in B cell lymphoma patients.
NKT cell targeted immunotherapy is not a new field and the fact that NKT cells
can recognize and kill tumor cells is well-established.16,36,42 In fact, several studies have

Figure 5.8. Correlation between NKT and T cell Function in PBMCs and Bone Marrow.
PBMCs or Bone Marrow were stimulated with CD1D-Ig/aCD28 aAPC loaded with a-GalCer to
activate NKT cells (A,C) or anti-CD3/CD28 microbeads to stimulate T cells (B,D) for 4h. RNA
was extracted and qPCR was performed to assess IFN- and 18S. Fold induction was calculated
relative to the control (cells stimulated with unloaded CD1D-Ig/aCD28 aAPC). Each sample was
then compared to its maximum (stimulation with PMA/Ionomycin) to obtain the percent max.
Slopes were calculated in Prism 5.02 software (GraphPad).
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found that boosting NKT cell number and function using α-GalCer loaded DCs as a
mechanism of cancer immunotherapy in mice and humans have demonstrated that
increases in NKT cell number correlate with improved outcomes.181,183 While exciting, it
is not surprising that NKT cell number and function were elevated in patients that
responded well to α-GalCer-loaded DC therapy since the treatment was designed to
specifically target NKT cells. Interestingly, even in a study that focused on the immune
state of lymphoma patients before and after R-CHOP/R-CVP, an immunotherapy that is
not specifically designed to target NKT cells, it was found that NKT cell frequencies
were increased after therapy in patients that responded relative to patients with
subsequent disease progression.219 However, all these studies relied on characterization of
NKT cell number and function after treatment and thus were not able to identify any true
predictive factors in their patients.
In this study, we utilized the novel and rapid aAPC-qPCR method, which uses
IFN-γ mRNA levels as a readout of NKT cell function, to assess NKT cell function in 50
lymphoma patients representing a range of lymphoma subtypes prior to the initiation of
therapy.252 In addition, we assessed the serum levels of IL-10, IL-6, Sema4D, and TGFß1. These patients then went on to receive a variety of treatment regimens and were
followed when possible to determine their treatment outcome. We identified plasma
TGF-ß1 and NKT cell function as two factors that significantly predicted which patients
would relapse and which patients would not. The significance of both markers (NKT p =
0.0404, TGF-ß1 p <0.001) is comparable to other markers that have been previously
studied such as BCL-2 (5 year event free survival p = 0.17), BCL-6 (5 year event free
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survival p = 0.013), Cyclin-D2 (5 year event free survival p < 0.001), IPI score (5 year
event free survival p < 0.001), and ESR (2 year event free survival p < 0.001).262,263
The role of TGF-ß1 in tumor development is complex, with previous studies
identifying both pro- and anti-tumorigenic effects.264 The anti-tumorigenic effects of
TGF-ß1 were highlighted in a study that found that a conditional knockout of the type II
TGF-ß receptor in mouse mammary epithelium resulted in pre-malignant hyperplasia and
both shortened the time to tumor development and increased the rate of metastases when
crossed onto the PyVmT model of metastatic breast cancer.265 However, in the field of
cancer immunotherapy, the immune suppressive effects of TGF-ß1 are considered a
mechanism utilized by tumors to inhibit immunosurveillance and thus promote tumor
growth. Indeed, the efficacy of an experimental tumor vaccine in the CT26 colon cancer
model can be enhanced by blockade of TGF-ß through treatment with anti-TGF-ß.261
Therefore, while we found our results with TGF-ß1 to be unexpected, this is likely
because we viewed the results through the lens of cancer immunotherapy and further
studies are needed to elucidate why, in this cohort, TGF-ß1 appears to inversely correlate
with tumor development and progression.
It is worth noting that this study did not aim to identify the mechanisms by which
NKT cell function prior to treatment could serve as a predictor of treatment outcomes in
lymphoma. Given the established ability of NKT cells to recognize and kill tumor cells,
one can conclude that having functional NKT cells may lead to better treatment outcomes
due to NKT cell-mediated production of inflammatory cytokines and direct killing of
lymphoma. However, the impact of NKT cells may be nuanced. In human Acute
Lymphoblastic Leukemia (ALL), the expression of CD1d on the surface of tumor cells
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was associated with adverse outcomes while, in the same study, CD1d+ ALL cells loaded
with α-GalCer were efficiently killed by NKT cell lines.266 A similar situation is present
in CLL wherein NKT cells seem to contribute to tumor cell killing in a CD1d-dependent
manner despite the fact that CD1d expression on tumor cells is associated with adverse
outcomes.166,267
Conventional T cells have also been long known to be involved in tumor
surveillance, yet NKT cell function provided more predictive power for relapse in
lymphoma than general T cell function. NKT cells are often referred to as “innate-like”
since they possess many properties considered hallmarks of the innate immune system,
such as the ability to respond immediately upon stimulation and the expression of stresssensing NK cell markers, while simultaneously expressing T-cell receptor that recognizes
glycolipid antigens presented on CD1d.268 It is possible that the inclusion of both innate
and adaptive properties makes NKT cells better indicators of the health of the entire
immune system, but why and how this would be the case should be the focus of future
studies.
Ultimately, NKT cell function in the peripheral blood as determined by aAPCqPCR assessment can serve as a predictive indicator in lymphoma patients, with higher
levels of NKT cell function correlating with a lack of relapse after traditional cytotoxic
chemotherapy and thus improved outcomes. This study justifies the implementation of
the aAPC-qPCR system in larger and more diverse cohorts of patients to determine the
extent of its predictive power. Given its ease of use and ability to quickly provide a result,
this system has the promise to assist physicians in implementing care effectively and
efficiently.
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The first step in informing the next generation of NKT-cell based immunotherapy
for B cell lymphoma involves gaining a deeper understanding of the role that NKT cells
in the anti-tumor immune response. We first identified a novel mechanism of tumor cell
intrinsic immune evasion utilized by B cell lymphoma to evade the NKT cell based antitumor immune response. This mechanism involved SK1-mediated inhibition of
cardiolipin, which we identified as a novel activating lipid for type 1 NKT cells, resulting
in decreased NKT cell activation in response to tumor cells.
Next, we explored the interplay between NKT cells and MDSCs using a
spontaneous mouse model of B cell lymphoma. We found that early activation of NKT
cells via administration of α-GalCer did not provide significant protection from tumor
development. We presented evidence suggesting the lack of protection was due to NKT
cell mediated increase in the level of immunosuppressive CD1d+ M-MDSCs, although
we were unable to confirm that they possess a unique suppressive phenotype relative to
their CD1d- counterparts in our DTG mouse model of B cell lymphoma.
Finally, we examined the role of NKT cell function in outcomes for human B cell
lymphoma patients. Specifically, we utilized an aAPC-qPCR system developed in our lab
to measure the functional capacity of NKT cells in the peripheral blood. We found that an
increase in IFN-γ mRNA by NKT cells in response to aAPC stimulation correlated with a
lower frequency of relapse in a diverse range of human B cell lymphoma patients. We
also found that NKT cell activity in the blood correlated with NKT cell activity in the
bone marrow, often a site of tumor development, suggesting that the increase in NKT cell
activity has functional relevance by directly impacting the tumor at a potential tumor site.
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6.1.

Eco-evo-devo function of cardiolipin
An intriguing question with respect to cardiolipin is how a tetra-acylated lipid

species is able to bind to CD1d. The majority of lipids we have considered are di-acylated
or, in the case of lyso-derivatives, mono-acylated. In both of those situations, all of the
acyl chains are able to bind a pocket of CD1d, protecting the hydrophobic acyl chains and
leaving the polar head group exposed to the solvent. However, given that cardiolipin has
four acyl chains, it is worth asking what happens to the other two acyl chains during
CD1d binding. One possibility is that cardiolipin binds to two molecules of CD1d present
on the surface of the same cell, which would add an intriguing layer of complexity and
suggest a role for lipid rafts. However, a 2011 study that identified the cardiolipin-CD1d
complex as a ligand for γδ T cells was also able to generate a crystal structure of
cardiolipin bound to CD1d.139 While they were unable to construct an electron density for
two of the four acyl chains, they found that there were only two acyl chains bound to a
single CD1d molecule and also identified gaps in the crystal lattice in the solvent region
in which two additional acyl chains could fit. Altogether, this suggested that cardiolipin
binds to a single CD1d molecule with two of the acyl chains essentially just hanging out
in the solvent. The implications of this structure, and whether or not it holds true in vivo,
are not entirely clear.
Another interesting question is how SK1 impacts cardiolipin levels. SK1
catalyzes the addition of a phosphate group to sphingosine in order to generate S1P. This
leaves two distinct possibilities for how it would ultimately impact cardiolipin levels. The
first is relatively straightforward. Despite the fact that there are elevated levels of free
fatty acids in tumor cells, the pool is still limited. Thus, increased production and
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secretion of S1P could deplete the amount of fatty acids available to generate other lipid
species. This agrees with our data from SK1 knockdown in B cell lymphoma, in which
we observed a general increase in all lipid species after SK1 knockdown (Figure 3.5 A).
Another possibility revolves around S1P signaling and mitochondrial function,
which may provide insight to the related question of how cardiolipin gains access to
CD1d given its location in the inner mitochondrial membrane. Knockdown of SK2,
which also catalyzes the production of S1P, has been shown to have a detrimental impact
on mitochondrial function, an effect that was mediated through the S1P receptor 1.269 In
addition, cardiolipin is known to localize from the inner mitochondrial membrane to the
outer mitochondrial membrane in times of mitochondrial stress, where it may facilitate
the induction of mitophagy.270 Mitophagy is the controlled degradation of mitochondria
and, while it has not been shown, it is possible that it may expose cardiolipin to
lysosomal compartments where it could be loaded on CD1d for presentation. Thus,
knockdown of SK1 and corresponding reduction in S1P signaling could result in
mitochondrial dysfunction and increased rates of mitophagy leading to an increase in
cardiolipin presentation.
A third situation, not mutually exclusive with the other two, combines both
reaction kinetics and mitochondrial dysfunction. Specifically, ceramide is a precursor to
sphingosine. Therefore, enhanced SK1 expression should drive the production of S1P and
ultimately reduce the levels of ceramide as sphingosine is depleted. In addition, ceramide
is known to induce lethal levels of mitophagy through direct binding to LC3B-II, which
recruits the autophagosome to the mitochondria thereby initiating mitophagy and
ultimately cell death.271 Thus, enhanced SK1 expression may have a multi-faceted
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approach that depletes potentially activating lipids, inhibits mitophagy, and protects
mitochondrial function to promote cell growth. Taken together, these data further suggest
studies focused on examining CD1d-mediated antigen presentation from an ecological
evolutionary developmental biology (eco-evo-devo) perspective.
6.2.

Novel immunosuppressive population-CD1d+ MDSCs
In our studies utilizing the DTG mouse model of B cell lymphoma, we found that

early NKT cell activation via α-GalCer administration resulted in an increase in CD1d+
M-MDSCs (chapter 4). This was particularly intriguing given the recent report
identifying this population as immunosuppressive in human patients.245 Despite the fact
that we were unable to confirm this unique phenotype in our model, it is still worth
considering the mechanisms resulting in the increase in this specific subset of MDSCs.
One possibility is that administration of α-GalCer stabilized the CD1d complex on
the surface of MDSCs. However, given the extended period of time between
administration and measurement, this is not very likely. Another possibility is that NKT
cells played a role in selecting for CD1d+ MDSCs. Multiple studies have provided
evidence that NKT cell can mediate the development of MDSCs.232,233 If this is indeed
the case in our model, it is possible that MDSCs expressing CD1d were able to interact
with NKT cells more extensively than their CD1d- counterparts, thereby providing them
with the NKT cell-derived factors needed to promote their development. If this is the
case, then α-GalCer administration could be a double edged sword, providing initial NKT
cell activation but ultimately driving the development of MDSCs that can overcome NKT
cell activation to promote tumor development.
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After considering why α-GalCer administration results in increased CD1d+
MDSCs, the next step is to consider whether CD1d expression could ultimately play a
direct role in NKT cell suppression. Given that the lipid repertoire of MDSCs has not
been extensively characterized, it would be worth determining if CD1d+ MDSCs are
presenting lipids that induce a less ideal, with respect to anti-tumor immunity, Th2 type
response. It is also possible that the lipid is not as relevant aside from simply recruiting
NKT cells to be targeted by other suppressive mechanisms. Future studies utilizing
transwell experiments should hopefully shed light on whether cell-cell contact is essential
for any difference in suppressive function observed between CD1d+ and CD1d- MDSCs.
6.3.

The TGF-β1 paradox and MDSCs
We demonstrated that human lymphoma patients have reduced levels of TGF-β1

relative to health donors (Figure 5.3 D). In addition, lymphoma patients that experienced
a relapse had lower levels of TGF-β1 compared to lymphoma patients that did not relapse
(Figure 5.4 D). As discussed in chapter 5, these date were unexpected given the reported
pro-tumorigenic nature of TGF-β1. However, a 2018 study demonstrated that murine
MDSCs generated ex vivo in the presence of TGF-β1 adopted a pro-inflammatory
phenotype characterized by elevated CD86, MHC II, and FasL expression.272 In addition,
the TGF-β1 derived MDSCs lost their ability to suppress T cell proliferation and resulted
in increased tumor cells death when co-cultured with the MEER (EBV-associated head
and neck squamous cell carcinoma) cell line relative to non-TGF-β1 derived MDSCs that
was partially mediated by FasL Combined with the role for MDSCs in suppressing antitumor immunity highlighted in chapter 4, these data suggest that the improved outcomes
in lymphoma patients with higher levels of TGF-β1 may be due to inhibition of the pro-
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tumorigenic properties of MDSCs. Future studies should determine if there is a
correlation between TGF-β1 levels and MDSCs in human patients.
6.4.

What are the next steps?
The ultimate purpose for delineating the role of NKT cells in B cell lymphoma is

to inform the next stage of NKT cell-based immunotherapy. Thus, future studies should
focus on utilizing the mechanisms identified within this body of work to develop new
therapeutics. With respect to SK1 mediated immune evasion, there are several potential
targets, such as SK1 directly, the S1P receptor, fatty acid levels, or even the mitophagy
machinery depending on what ultimately leads to increased cardiolipin presentation on
tumor cells. Several drugs already exist that can be used to probe which target will have
the most beneficial effect. With respect to MDSCs, a likely course of action will be to
continue to experiment with NKT cell activation and MDSC depletion working side-byside in order to obtain the benefits of the NKT cell anti-tumor immune response without
the suppressive effects of MDSCs. Finally, the aAPC-qPCR method should be examined
for other cancer types. Identifying the tumor types in which NKT cells have an impact on
outcomes will further inform when to use the novel strategies identified above so that we
can take a personalized approach and the real beneficial effects of NKT cell-based
therapies do not get neglected due to failure in tumor types where NKT cells may not
play a role.
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