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Abstract

Title of Dissertation: The Role of Natural Killercells in B Cell Lymphoma
Priyanka Balasubrahmanyam, Doctor of Philosoph$420
Dissertation Directed by: Tonya Webb, Asst. PralesBepartment of Microbiology and

Immunology

Natural killer T (NKT) cells are a unique subset ofcells that recognize glycolipid
antigens in the context of CD1d, a non-classicalQvi¢lass I-like molecule. NKT cells
mount strong anti-tumor responses and are a magusfin developing effective cancer
immunotherapy. However, little is known about tegulation of CD1d-mediated antigen
presentation to NKT cells, particularly in the cexitof B cell lymphoma. Pro-survival
factors of the Bcl-2 family, such as Bcl-xL areesftupregulated in B cell lymphomas,
and are associated with changes in the endocytiwvag, which is paramount for CD1d-
mediated antigen presentation. We hypothesizedBbBkL can regulate this process,
and found that over-expression or induction of Bclled to increased CD1d-mediated
antigen presentation to NKT cells. Conversely, ptaological inhibition or shRNA-
mediated knockdown of Bcl-xL led to decreased amigresentation. Surface CD1d
expression was unchanged by the modulation of Belext its knockdown resulted in
reduced CD1d trafficking to LAMP1 compartments. Furthermore, Rab7, a late
endosomal marker was upregulated following Bcl-xio&kdown, and CD1d molecules
accumulated in the late endosomes. These resuit®rdgtrate that Bcl-xL modulates
CD1d-mediated antigen presentation to NKT cellalgring the intracellular trafficking

of CD1d. Thus, we have identified a potential tumecognition mechanism that can



impact current therapies targeting the Bcl-2 famaly well as emerging NKT cell based
cancer immunotherapeutic strategies. We furthatiatuthe role of NKT cells in mantle
cell lymphoma, a particularly aggressive form ofm#dodgkin’s lymphomaijn vivo,
using an IL-14 and c-Myc double-transgenic mouse model. We fotlnvad treatment
with a single dose of the NKT cell agonistGalactosylceramide, increased survival and
caused amelioration of diseadex vivo restimulation of splenocytes with-GalCer
showed increased IFN-responses, providing some insight into the medmani
underlying the enhanced anti-tumor response folgwi-GalCer administration. These
studies indicate that NKT cells play an importasierin mediating an effective immune
response to lymphoma, warranting further invesiogaof the CD1d/NKT system. This
small but powerful lymphocyte population bears hggtential for translation into the

next generation of cancer therapy.
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Chapter 1: Introduction

1.1 Cancer: aleading cause of death worldwide

The Survey Epidemiology and End Results (SEER) frag(www.seer.cancer.gov)
estimates that in 2014, there will be 1,665,540 mases of cancer and an estimated
585,720 people will succumb to this disease inUhéed States alone (1) (Table 1.1).
Although, the incidence of cancer has been falibgan average 0.7% per year, it is
estimated that about 40.8% of all men and womehbeildiagnosed with some kind of
cancer in their lifetime. On average, the numbedesdths has dropped by 1.5% per year,
and currently 176.4 deaths are estimated per 100f86n and women. Cancers of
different types have varying incidence rates andiigal. Breast cancer, melanoma,
cancer of the lung and bronchus and prostate cammeeamong the most common types
of cancer. Cancers arising from hematopoietic cahlsl lymphoid cells, known as
hematologic malignancies, are also high in inciéerfSome subtypes like Hodgkin’'s
lymphoma are reducing in incidence with an estith&d 90 cases in 2014, out of which
1,180 deaths are estimated (Table 1.1). However,irtbidence of other hematologic
malignancies like leukemia and myeloma is highe523380 and 24,050 estimated cases
respectively (Table 1.1). Furthermore, non-Hoddkimphoma, which is also a type of
hematologic malignancy has a very high incidente vath 70,800 estimated new cases
and 18,990 estimated deaths in 2014 (Table 1.13.grbup of hematologic malignancies

will be discussed further in Section 1.2.



Table 1.1: Estimated number of cases and deaths 2014 for various types of cancer
Data obtained from the SEER Program (www.seer.cagmé (1).

No. of Cases| Deaths
Type of cancer estimated in | estimated in
2014 2014
All sites 1,665,540 585,720
Breast cancer 232,670 40,000
Cancer of the colon and 136,830 50.310
rectum
Cancer of the lung and 224,210 159,260
bronchus
Prostate cancer 233,000 29,480
Melanoma 76,100 9,710
Hematologic malignancies
Non-Hodgkin lymphoma 70,800 18,990
Leukemia 52,380 24,090
Myeloma 24,050 11,090
Hodgkin lymphoma 9,190 1,180




1.2 Lymphomas

Lymphoma is a hematologic malignancy of the immuggstem characterized by the
accumulation of abnormally high numbers of lymphesy About 95% of all lymphomas
arise from B cells and are characterized by splagaty and lymphadenopathy (2).
Lymphomas are divided into two general groups: Hatg disease and non-Hodgkin’s
lymphoma (NHL). Hodgkin’s disease is characteribgdthe presence of histologically
identifiable Hodgkin and Reed-Sternberg cells {3)ese Hodgkin and Reed-Sternberg
cells are large, multinucleated cells with peculraprphology, and their presence
facilitates the diagnosis of this type of lymphodd. Hodgkin's disease is relatively
easier to treat and has a favorable outcome wathdsird radiation and chemotherapy.
However, NHL is known to be much harder to treathwpoor response to standard
therapy and a high relapse rate. Unfortunately,itb@ence of NHL has been steadily
rising at an average 0.5% from 2002-2011 (1). by, f'NHL is reported to be thé"@nd

5" most commonly diagnosed cancer in males and femalpectively, in the United
States (5). NHL is a heterogeneous group of lymp® consisting of numerous
subtypes that are quite distinct from each othaese&kes like follicular lymphoma,
diffuse large B cell lymphoma, Burkitt lymphoma amdntle cell lymphoma are all types
of NHL. A major problem in this field is the rise incidence of more aggressive variants
such as blastoid variant mantle cell lymphoma dm&dr toccurrence in younger patients
(6). Considering the poor outcome of patients witlese diseases, and the rising
incidence rate, there is an urgent need to devatoptherapeutic strategies to help these

patients.



1.3 The hallmarks of cancer

The transformation of a cell is not a rare evewrt, f\ew of these progress and cause
cancer. Under normal circumstances, tumor cellstreagploy multiple strategies to
overcome anti-tumor mechanisms to establish a cansemass (Fig. 1.1) (7). For
example, one such hallmark of cancer cells is twuigition of sustained proliferative
signaling. This is often achieved by altered sigmppathways, like the B-Raf mutation,
which leads to constitutive activation of the MAR¥athway and provides persistent
proliferative signals (8). On the other hand, tisFuption of negative feedback loops can
also lead to sustained proliferation. An importaxémple is the loss of phosphatase and
tensin homolog (PTEN). PTEN is a phosphatase tiadtivates the phosphoinositide-3-
kinase (PI3K) pathway and is often mutated or eptjeally silenced, to inactivate the
negative feedback loop and facilitate uncontroietivation of the PI3K pathway (9, 10).
Tumor cells also acquire changes that help themdeegaowth suppressors like negative
cell cycle regulators (e.g. p53), so that thesagnaht cells can maintain abnormal cell
growth and division rates. Some other mechanismglamd by tumor cells are the
induction of angiogenesis by deregulated vascuhalothelial growth factor (VEGF)
signaling, achieving replicative immortality by asmalities in telomerase activity and
evasion of apoptosis by deregulation of the B €&lL/lymphoma 2 (Bcl-2) family (11,

12). This Bcl-2 family of proteins will be the foswf Section 1.4.
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Reprinted with permission from Elsevier (Licens&405121)
Hanahan and Weinbefgell 144 (5), 646-674 (March 2011)

Figure 1.1: The hallmarks of cancer

Malignant cells use multiple mechanisms to growyise, proliferate and generate a
tumor mass. In general, cells possess mechanismdéimivd the growth of
neoplastically transformed cells. The classic hatka of cancer are six different
mechanisms described by Hanahan and Weinberg, mhwells evade these anti-
tumor responses and successfully cause disease.



1.4 The Bcl-2-family of proteins

Tumor cells often deregulate apoptotic pathwaysvade cell death and enhance their
survival. Apoptosis or programmed cell death is@pss by which cells receive internal
or external signals and initiate signaling pathw#yat culminate in ‘suicide’ or cell
death. Apoptosis can be initiated by the extrirmidntrinsic pathway (Fig. 1.2). The
extrinsic pathway is initiated by external signsileh as Fas ligand or TRAIL that bind
receptors on the cell surface (13). The downstreigmaling that follows the activation of
these receptors, results in the activation of css{8aand a subsequent caspase cascade.
The intrinsic or mitochondrial pathway of apoptosigegulated by the Bcl-2 family of
proteins (14). Pro-apoptotic members of the Baudify, Bak and Bax are present on the
mitochondrial outer membrane. Upon binding of apsjst activator proteins like Bid and
Bim, these proteins homo-oligomerize and promote ftermeabilization of the
mitochondrial outer membrane. This allows the escap cytochrome c from the
mitochondria and the recruitment of a scaffoldimgtgin known as apoptosis protease-
activating factor 1 (APAF-1) (15). APAF-1 furthezsults in the activation of caspase-9
and eventually causes cell death. The extrinsiciatrthsic pathways are not entirely
exclusive, and crosstalk is promoted by Bid whilkleaved by caspase-8 and goes on to
activate the intrinsic pathway and amplify the @sspcascade (Fig. 1.2) (16). The Bcl-2
family consists of both pro-apoptotic as well asi-apoptotic proteins. The founding
member Bcl-2, was originally identified from thd4{18) translocation seen in follicular

lymphoma patients, and contains conserved Bcl-2dhogy (BH) domains (17, 18).
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Figure 1.2: The extrinsic and intrinsic pathways ofapoptosis

Apoptosis or programmed cell death can occur byetttensic pathway, which involves
activation of Fas or other death receptors. Ontieaded, downstream signaling pathways
lead to the activation of caspase-8 and initiatbbrthe caspase cascade. Intrinsic cell
death is regulated by the Bcl-2 family members iamdlves the release of cytochrome ¢
from the mitochondria. This leads to the activatodrcaspase-9 and initiates the caspase
cascade, resulting in cell death. The extrinsih\way can also feed into the intrinsic
pathway by the cleavage and activation of Bid tplfynthe apoptotic response.



Bcl-2 over-expression leads to the development yohphoma in mice, and also
accelerates lymphomas driven by other oncogenesnijc (19, 20). Furthermore, the
forced expression of Bcl-2 in B cells under the igomoter leads to autoimmunity (21).
These mice develop autoantibodies to nuclear argigad glomerulonephritis, similar to
human systemic lupus erythematosus (SLE). On ther dtand, Bcl-2 knockout mice get
fatal polycystic kidney disease due to apoptosisemmal epithelial progenitors. Mature

lymphocytes and melanocyte progenitor cells are lalst in these mice (22).

Bcl-x, another member of the Bcl-2 family first dabed in 1993, was found to be a
negative regulator of apoptosis, and its predisteacture was similar to Bcl-2. Bcl-x has
two splice variants- Bcl-xL and Bcl-xS. Bcl-xL wésund to function similar to Bcl-2
and increase survival, while Bcl-xS countered thiditg of Bcl-2 to provide protection
from cell death (23). Bcl-xL knockout mice are ewumic lethal at day 13 due to
neuronal defects, underscoring its important roledevelopment (24). These Bcl-xL
knockout mice show extensive neuronal cell deatihénbrain and spinal cord. In fact, by
embryonic day 12.5 there was extensive neuronaroEgtion throughout the maturing
brain. The absence of Bcl-xL also impairs hemategisiand causes death of immature
lymphocytes. Since Bcl-xL knockout mice do not sueviong enough to study the
maturation of lymphocytes, Bcl-xL knockout embryorstem cells were injected into
RAG2 knockout blastocysts to obtain chimeric mi@t)( These studies revealed
extensive TUNEL staining in immature lymphocyteswéver, the presence of mature T

and B cells in the lymph nodes and spleen indicttas the lack of Bcl-xL does not



affect lymphocyte maturation, although the numbeframature cells is reduced. The
knockout of Bcl-xL on a single allele leads to reeld spermatogenesis resulting in
reduced fertility in males (25). The defects in tlevelopment of hematopoietic cells and
male germ cells can be rescued by deleting Bim.tlAeroanti-apoptotic Bcl-2 family
protein, Mcl-1 also plays a role in developmenttdat, the constitutive knockout of Mcl-
1 prevents implantatiom utero (26). Conditional knockout of Mcl-1 has revealetbke
for this protein in the survival of a diverse sétcell types including lymphocytes and

hematopoietic stem cells (27, 28).

The Bcl-2 Homology (BH)1-4 containing pro and aspeptotic proteins of the Bcl-2
family have many structural similarities. They atlaglobular structure, consisting of an
amphipathic helical bundle surrounding a centralrbghobic core helix (Fig. 1.3) (29).
The BH1, BH2 and BH3 domains form a hydrophobicmgewhich facilitates binding to
other Bcl-2 family members. In fact, the most atcedpnodel for the binding of Bak and
Bax is a BH-3-in-groove model (30). According tastimodel, the BH3 domain of one
Bak or Bax molecule inserts into the hydrophobiooge of another, leading to the
formation of a symmetric dimer. The dimers are thikaught to join by a second
interface for the formation of oligomers, althougfe precise mechanism of this
interaction remains to be elucidated. Bcl-xL andl|-Bcproteins also have a
transmembrane domain near their C-terminus. Thisstnembrane region is required for
localization to the mitochondrial outer membrang,Gaterminal transmembrane region

deletion mutants of Bcl-xL show diffuse expressionthe cell, and there is altered



mitochondrial morphology (31). Interestingly, thetisapoptotic function of Bcl-xL is
retained in this deletion mutant. Bcl-2 and Bcl-also have a flexible ‘loop’ region
formed by the BH3 and BH4 domains. Deletion of tloiep region does not decrease
anti-apoptotic function and may even enhance it 88. Finally, the function of the N-
terminal region of Bcl-xL has also been studied #mel deletion of the last 76 amino
acids near the N-terminus not only leads to tiss lof its anti-apoptotic function, but

also makes it pro-apoptotic (34, 35).

As mentioned above, the Bcl-2 family pro-survivabmbers play a major role in
malignancies. Consequently, there is great inteneite development of drugs to target
these proteins. These efforts have resulted indéhelopment of small molecule BH3
mimetics like ABT-263, ABT-199 and WEHI-539 whichind to Bcl-2/Bcl-xL and
inhibit their function (36-38). ABT-263 targets boBcl-xL and Bcl-2 and inhibits their
function, leading to the induction of apoptosistimor cells. It is currently in early
clinical trials for the treatment of CLL (39). Hower, a side-effect of this drug is
thrombocytopenia due to Bcl-xL inhibition (40). ABIP9 is more selective for Bcl-2
and spares platelets, making it more favorable akemnotherapeutic agent. Recently,
Lesseneet al. reported the design of WEHI-539 which selectivialggets Bcl-xL and can
be an important tool to study the differences ia tbles of these closely related Bcl-2

family members (38).
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Many apoptosis-independent roles of Bcl-2 familymbers are also emerging. The Bcl-2
family members are now known to be involved in mittondrial dynamics, especially in
the processes of mitochondrial fission and fusiih).(They are also capable of boosting
mitochondrial energetics, as Bcl-xL influences mitondrial membrane potential (42).
Furthermore, Bcl-xL can also affect mitochondriaddmergetics by interacting with and
sensitizing the inositol 1,4,5-trisphosphate recefiPsR) which plays an important role
in the release of Cafrom ER stores (43). The Bcl-2 protein family Isaimportant in
the process of autophagy, or engulfment of cellol@anelles and contents (discussed
further in Chapter 5). Bcl-2 binds Beclin-1, an on@ant player in the autophagic
pathway and antagonizes its function (44). Furtleeemthis interaction occurs in the ER,
indicating that Bcl-2 family members have functianslependent of the mitochondria

and can play important roles at other sites witheacell.
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Figure 1.3: Structure of Bcl-2 family proteins

(A) The domain structure of the Bcl-2 family menmdehows BH1-4 domains. Proapoptotic
members like Bak and Bax and anti-apoptotic memliegsBcl-2 and Bcl-xL have BH1-4
domains and a transmembrane region (TM). BH3 ombtemns like Bid and Bim are
important for modulating the function of pro-apdptoand anti-apoptotic members by
binding to them through the BH3 domain. (B) Theusture of Bcl-xL is shown as a
representative of the anti-apoptotic Bcl-2 familpteins. These proteins generally adopt a
globular structure with a bundle of amphipatitibelices surrounding a central hydrophobic
core helix.
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1.5 Theimmune system and its ability to eliminate cancers

Another major hallmark of cancerous cells is thaaility to avoid immune destruction.
This is essential for the tumor because the immsystem possesses the ability to
eliminate malignancies. This is a multi-layered g@ss and involves early recognition
events by mediators of innate immunity, followed the development of a strong and
highly specific adaptive immune response. This med#mat following neoplastic
transformation, cells can be recognized by compneinthe immune system, which not
only mount strong cytotoxic responses, but alseas# cytokines and other soluble
factors that orchestrate the development of a tolamsl multi-pronged anti-tumor
immune response. This role of the immune systedetacting and destroying malignant
cells is termed immunosurveillance (45). It allatve components of the immune system
to recognize, target and specifically eliminate igrant cells, permitting the host to
survive tumor-free. However, tumor cells have depell mechanisms to evade
immunosurveillance and cause cancer. This occutthriee phases: the first phase is
elimination, where most transformed cells will leEcagnized and eliminated (46). A
transformed cell that escapes these mechanisntedastential to develop into a tumor.
The next stage is equilibrium, which occurs if ehation is not successfully attained.
During this phase, tumor cells undergo mutatiors @her changes that support survival
under the selection pressure imposed by the imnmayseem. This process is called
immunoediting and results in the development os@mramechanisms by the tumor cells.
The last and final step is escape, where the tuelts are able to successfully evade the

immune system, and continue to grow and proliferaten uncontrolled fashion. At this
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stage the tumor is established, the anti-tumor imemiesponse is either insufficient or

ineffective, and a previous healthy individual deps cancer.

Another proposed model to understand the immungorese to cancer is the ‘danger’
model. This model, in contrast to the immunosutaede model proposes that the default
response of the immune system to cancer is tolarod@é7). The rationale behind this is
that the immune system constantly encounters hasmidgections, dying cells and non-
pathogenic microbes. Therefore, cells of the immsystem are activated only in the
presence of true ‘danger’ signals. Such signamwathe immune system to identify a
potentially harmful state of infection or neopladtiansformation and present antigens in
the context of secondary costimulatory signals fgssional APCs. This would allow
the cells to be activated and mount effective rasps, but would also ensure that the
recognition of harmless antigens does not causeuimopathology. It follows from this
that generating an effective anti-tumor responselevoequire overcoming this default
‘off signal of the immune system to mount a resp®ragainst malignant cells (48). It
also implies that the mere recognition of tumorngerts is not sufficient to trigger an
immune response, and must be accompanied by ‘dasgeals that would preferentially
lead to activation over tolerance. Thus, therensuagent need to use a multi-pronged
approach to make tumors more visible to immunes@eid also to do this in an activating

and non-tolerogenic environment, to generate act¥e anti-tumor immune response.
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1.6 I nnate and adaptive immunity

Components of the immune system that are involveéarly recognition that trigger
rapid and only partially specific responses to deig threats are considered parts of
innate immunity (49). Physical barriers like eplthlesurfaces, cilia and mucus, chemical
barriers like low pH in the stomach and biologicakchanisms like anti-microbial
peptides form the frontline of host defense. Pattecognition receptors (PRR) like the
toll-like receptors (TLR), NOD-like receptors (NLRRNA-sensing Rig-I-like receptors
(RLR) and DNA sensors also constitute an impornpant of the innate immune response.
These components are involved in the recognitiompathogen-associated molecular
patterns (PAMP) and initiate early type | interfemr@sponses and mediate transcriptional
regulation of important genes. The innate immurstesy also has cellular components
such as granulocytes- neutrophils, eosinophilsptaits and mast cells, and phagocytes
like macrophages and dendritic cells (DC). The PRIRd innate cells are not only
important in the mounting of early immune respondeg also play a pivotal role in
shaping the adaptive immune response. For exantpée,activation of TLR4 by
lipopolysaccharide on DCs results in their matoratimaking them more efficient

antigen presenting cells for the activation of Tscés0).

The adaptive arm of the immune system is charaetrby a vast diversity of antigen
receptors, high specificity of the response anddragcall responses that are often more
potent and effective than the initial response .(&llassically, B cells and T cells are

major players in adaptive immunity. After initiadgognition of a new antigen, there is
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rapid clonal expansion of these lymphocytes, ah@jhly specific response is generated.
Typically, B cells enter germinal center reactiamsl develop into high-affinity antibody

producing plasma cells. T cells, on the other hdifférentiate into different subsets and
can mediate direct cell killing, cytokine productiand also provide help for B cells to
produce high-affinity antibodies (51). The devel@mnof an effective adaptive response
takes longer than innate immune responses, but thas major advantage of

immunological memory generation. If the same amtigeencountered again, there will

be rapid recall responses, which can quickly anceraffectively battle recurring threats.

1.7 Innate-like lymphocytes

Innate-like immunity is a relatively recently cotheerm used to describe components of
the immune system that bear features of both inaateadaptive immunity (Fig. 1.4)
(52). Innate like B cells such as marginal zone NBZB) cells recognize recurring
patterns on pathogens and rapidly produce natgMldntibodies (53). B1 cells, also a
part of the innate-like lymphocyte group, bear ptoes that have low affinity for a
diverse set of antigens and bacterial polysacchsri8uch innate-like responses lack the
high specificity afforded by the clonal selectidnspecific antigen receptors from a large
diverse pool, but nevertheless are often sufficienfprotect the host from invading
pathogens. NK cells rapidly respond to pathogerspedally viruses and mediate
cytotoxicity in infected cells and boost interfermsponses (54). Another emerging type
of innate-like lymphocytes is the innate lymphoall ¢ILC) group (55). These ILCs do

not express recombined antigen receptors like atrveal B and T cells (56).
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Figure 1.4: Types of innate-like lymphocytes

Innate-like lymphocytes are cells of the immunetesysthat bear features of both innate
and adaptive immunity. B1 and marginal zone B célisve B cell receptors that recognize
conserved patterns on pathogens and mount IgM mespad T, NKT and MAIT cells
express T cell receptors with limited diversity apldy important roles in health and
disease. Finally, innate lymphoid cells, or ILCs dot express any known antigen
receptor, but can secrete a variety of cytokinesfalfill important immune functions.
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ILCs are thought to be activated by cytokines amdress transcription factors that
facilitate cytokine production. Recent studies haliewn that ILCs can be of different
types- ILC1, ILC2, ILC3 and lymphoid tissue inducéii) cells (57). These ILCs can
play an important role in the context of infectiodiseases as well as in allergy and
autoimmunity (58).yd T cells are also part of the innate-like systend amediate
‘lymphoid stress-surveillance’. These cells areeaol respond quickly to stress signals
and play important roles in immunity and immunojétlgy (59). Another subset of
innate T cells is the mucosal-associated invariaifMAIT) cells. MAITs are MR1-
restricted and are important in microbial infecicat mucosal sites (60). Recent studies
have also shown that MR1 can bind and presentlatiof and folic acid metabolites to
MAIT cells (61). Although the biological significae of the recognition of vitamin B
metabolites remains unknown, it is a valuable tbat will allow us to clearly identify,
isolate and activate MAIT cells and better underdtéheir function. Finally, a T cell
subset bearing features of NK cells known as nbkiliar T (NKT) cells also fall in the
innate-like category. NKT cells are well known faeir role in cancer, infections as well

as other conditions, and will be the focus of gtigly.
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1.8 NKT cells

Natural killer T (NKT) cells were originally desbed in 1987 by Fowlkes et al., as
murine thymocytes expressing a restricted TCR teper(62). These cells were also
found to express NK1.1 similar to Natural Killer KN cells and were subsequently
named NKT cells (63). The majority of NKT cells e&ps an invariant T cell receptor
(TCR) a chain rearrangement-od4J18 in mice, and ¥W24X:18 in humans, associated
with VB chains of limited diversity. These cells are refdrto as canonical or invariant or

type | NKT (NKT) cells and will be the primary focus of thisidy (64, 65).

In a screen for anti-tumor agents, a glycosphimpgwble-Galactosylceramiden{GalCer,
KRN7000) was found to have potent anti-tumor atti\i66, 67). The anti-tumor
property ofa-GalCer was attributed to the specific activatibriype | NKT cells, which
recognize this glycolipid antigen in the context 6D1d, a non-classical, non-
polymorphic, Major Histocompatibility Complex (MHQ)ass I-like molecule (68, 69).
In contrast to this, type Il NKT cells are CD1d{reged, but express diverse antigen
receptors and do not recogniz€salCer. Besides the prototypical NKT cell agonést,
GalCer, other microbial glycolipids that bind CDfhtblecules and activate NKT cells
have been identified and this will be discussethare detail in Section 1.9 (70-73). The
NKT cell TCR is also known to bind self-glycolipidantigens such as
isoglobotrinexosylceramide (iGb3) and glycosylphesplylinositol (GPI) presented on
CD1d (74, 75). Several groups have studied thectstral aspects of glycolipid antigen

loading on CD1d molecules using crystal structwoksuch complexes. These studies
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have proposed a model of ‘induced fit', whereby @i2ld molecule, as well as the NKT
cell TCR play an active role in determining theiméite structural conformation of the

bound antigen (76, 77).

Similar to conventional T cells, NKT cells developthe thymus. However, these cells
are selected on double positive cortical thymociaéewing the presentation of CD1d in
complex with an unknown selecting ligand (78). Deselopment of NKT cells involves
activation of the signaling lymphocytic activationolecule (SLAM) family receptors
(79). These SLAM family receptors further engageABlassociated protein (SAP)-
related adaptors, and facilitate the activatiokyiT, a Src family kinase encoded by the
fyn gene, which is necessary for the development of N&lls (80-82). Following their
development, NKT cells acquire a memory phenotyp®l can rapidly mount strong
effector functions. These cells activate the trapsion of IFN-y and IL-4 genes during
development. When these cells migrate to the penphtheir cytokine gene loci are
modified by histone acetylation, and the cells pmesed with transcripts for rapid
cytokine production (83). The transcription facfmomyelocytic leukemia zinc finger
(PLZF) is important for the initiation of this intealike effector program, and the homing
of NKT cells to the liver (84). NKT cells lackingLF retain a naive phenotype and
traffic primarily to the lymph nodes. Converselyetforced expression of PLZF results in
an activated or ‘memory’ phenotype in conventio@&l4" T cells (84). NKT cells are
activated by glycolipid antigens presented on CDdalecules, in a complex antigen

presentation pathway which will be discussed ingiéa3. However, NKT cells can also
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be activated in a CD1d-independent fashion (85) TD1d-independent activation
reported by Tyznik et al. involved the activatiohTd.R9 by viral components and the
production of IL-12 by DCs. Once activated, NKTIselan mediate direct cytotoxicity,

as well as produce large amount of cytokines. Hhetaxic functions of NKT cells can

be mediated by multiple mechanisms including perfand granzymes, similar to NK

cells, Fas/FasL interactions as well as TRAIL/TRAdceptor engagement. Not much is
known about the cytotoxic functions of NKT cells.rAcent study by Wingender and
group has reported that tive vivo cytotoxicity of NKT cells depends largely on CD1d
expression by target cells, and the binding affioitthe activating antigen to CD1d (86).
Furthermore, this report concluded that unlike NMlscthat use perforin/granzymes for
cytotoxicity, the engagement of Fas on target daji§asL expressed on NKT cells was

important for their anti-tumor cytolytic activity.

NKT cells are inherently capable of producing THIZATh17 cytokines (87-90). The
mechanism for the cytokine bias still remains elesalthough several groups have
proposed possible mechanisms (91). Previously, ds Wwelieved that the cytokine
response from NKT cells depends mainly on the auion between the glycolipid
antigen and TCR, or the CD1d binding propertiethefantigen. This was supported by
the observation that ligands like OCH which arewndo bind less stably as compared
to a-GalCer, elicited a Th2 response (92). On the dtlaed, compounds like- C-GalCer
which has better binding capabilities, stimulatestranger Th1 response (93). However,

with the development of newer compounds sucho&3alCer acC8 andi-GalCer
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acC20:2, the differences in antigen-TCR interactiane proved insufficient to explain
the Th1/Th2 bias of different compounds (94). Baalehave reported that distinct APCs
drive different immune responses (95). This wasedasing a CD1d conditional
knockout mouse model focusing on three major typésAPCs, namely DCs,
macrophages and B cells. This study showed thatbldeled ligands are more likely to
be presented by DCs, as compared to other APCsh®nontrary, Th2-biased ligands
were more likely to be presented on APCs other tb&s. However, a recent study by
Arora et al. has proposed that CB8 DCs are the most efficient APCs for antigen
presentation to NKT cells. Furthermore, this stymlpposed that the expression of
costimulatory/coinhibitory molecules on C&8 DCs determines the cytokine bias
following antigen presentation (96). The increasggdression of CD70, Rae-1 and CD86
correlated with the presentation of Thl biasedgams, whereas the expression of PD-L1
and PD-L2 was higher during the presentation of -Bia8ed antigens. This study
underscores the importance of APCs in eliciting rappate NKT cell responses,
although further investigation will be necessargonfirm the mechanism that drives the

Th1/Th2 bias of NKT cell responses.
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NKT cells help to bridge the innate and adaptivenume systems, especially due to their
rapid cytokine production. We know that the antater immune response is typically
characterized by Thl cytokines such as K(@7). This leads to the rapid recruitment of
CDS8' cytotoxic T lymphocytes, which can mount an antibr cytolytic response (98,
99). This IFNy response is fortified by a positive feedback loopolving NK cells
(100). When DCs present glycolipid antigen to atevNKT cells, they are also activated
reciprocally due to CD40L expression on the NKT edlich engages CD40 on the DC
(Fig.1.5). This stimulation leads to the secreiwdriL-12 by the DC. This IL-12 further
activates NK cells which produce more IFNamplifying the Thl response. Thus, the
primary Thl response from the NKT cells can be bewband/or sustained due to DC IL-

12 production and NK cell activation (101).

NKT cells can also mount Th2-biased responses.nlfO¥A-driven mouse model of
allergic asthma, all8 knockout mice that lack NKT cells were foundh@ave reduced
airway hyperreactivity, eosinophilic infiltratiomd Th2-driven IgE levels, as compared
to their NKT cell sufficient counterparts (102).rthermore, in the absence of classical
CD4" T cells, the activation of NKT cells bhy-GalCer administration was sufficient to
induce airway hyperreactivity by driving IL-4 and-13 production (103). Another study
by Wingender and colleagues has showed that hausteedtract contains antigens that
can activate NKT cells and drive airway inflammatim mice (104). The addition of
house dust extract had an adjuvant effect to OVAnimization and there was a

synergistic effect between NKT cell and classicBUCT cell function. Akbari and group
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have demonstrated that methacholine-induced atlegihma was significantly reduced
in mice lacking NKT cells, further underscoring ithele in driving Th2 responses in
this context (105). In non-obese diabetic mice, ral-@iriven autoimmunity model,
activation of NKT cells byu-GalCer led to reduced disease due to the suppresdi
IFN-y and retention of IL-4 production (106). A 2012dtby Lynchet al. has revealed
that NKT cells are enriched in adipose tissue, dnat lost upon the development of
obesity (107). This group identified an IL-4 and-10-dependent regulatory role for
NKT cells in obesity and concluded that NKT celhétion is protective in this context.
Also, using a mouse peritonitis model, it has bgleown that IL-4-producing NKT cells

are important in resolving sterile inflammation 1.0

In general, NKT cells play a diverse set of biot@iroles; however different NKT cell
subsets vary in their effector functions. NKT cel¢s express the canonical transcription
factors T-bet, GATA-3 or ROR, known as NKT1, NKT2 or NKT17 respectively (109).
NKT cells from different organs also show distirfahctional properties. Crowe and
colleagues have reported that COMKT cells from the liver can reject tumors, in
contrast to those from the thymus and spleen (INRJY. cells in mice can be CD@D8

or CD4, while in humans they can be CD£DS§ or double negative. These differences

have made it difficult to elucidate the preciseesobdf different NKT cell subsets (111).
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Due to their rapid activation and ability to acteather cell types, NKT cells are of great
interest in many conditions such as bacterial,|\aral parasitic infections, as well as in
cancer (112, 113). Many research groups have ssiatte analogs ofi-GalCer which
can be used to activate NKT cells, paving the waytle translational application of
NKT cells-based therapy (92, 93, 114-116). Numesegimts have been directed towards
the use ofu-GalCer and its analogues as adjuvants in vac@agamst malaria, Human
Immunodeficiency Virus (HIV) and influenza. In thigeld of tumor immunology,
attempts at using-GalCer directly as an anti-tumor agent have hawtéid success, but
there is now interest in combination therapy wherigle activation ofNKT cells viaa-

GalCer can be used as an adjuvant with a tumornfgpantigen (117).
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Figure 1.5: NKT cells boost IFNy responses by activating other cell types

NKT cells are activated by glycolipid antigens @med by CD1d, and rapidly produce
large amounts of IFN: The CD40-mediated reciprocal stimulation of DGsNKT cells
results in the production of IL-12 by DCs. This 1R-from DCs and IFN-from NKT cells
activates NK cells which are also capable of prauytarge amounts of IFN- This IFN+y
from NKT and NK cells facilitates the activation ©@D8" T cells, which can mount tumor-
specific cytotoxic responses. Thus, NKT cells cadde the innate and adaptive immune
systems to boost anti-tumor immunity.
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1.9 NKT cell functions

Bacterial infections

a-GalCer, the classical NKT cell activating ligardis ana-anomeric link between the
sugar and the ceramide. This is in contrast to rglystosphingolipids found in nature,
making it unlikely thato-GalCer is the natural NKT cell activating ligartdence there
was an urgent search for other activating glycdpivhich would implicate a role for
NKT cells in anti-bacterial immunity. The first edance of such a role emerged in 2005,
when glycosphingolipids fronSphingomongsGram-negative bacteria were shown to
activate NKT cells (71). These bacteria do not amntipopolysaccharide, eliminating
the possibility of any involvement of the TLR4, asdpporting the idea of direct
bacterial recognition by the NKT cell TCR. It waksa found that NKT cells were
activatedin vivo, following Sphingomonafection. Mice lacking NKT cells had poor
clearance of the bacteria from the liver as contgpaie their NKT cell sufficient
counterparts. Following this study, Kinjo and catiees reported that diacylglycerols
from Borrelia burgdorferi Gram-negative bacteria and the causative agerityofe
disease, could also activate NKT cells (70). A namtif different diacylglycerols were
shown to stimulate rapid proliferation of NKT celsd strong cytokine productian
vivo. The responses could also be correlated to thgtHeand saturation of the acyl
chains in these lipids, indicating that the respsnwere directly dependent upon TCR-
mediated recognition. Together, these studies geavihe first evidence that NKT cells
directly recognize microbial pathogens throughtA€R and are important in bacterial

clearance. Thereatfter, it was found that the spettof NKT cell recognition was
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broader, and included Gram-positive bacteria (1$8Pneumonigethe causative agent
of pneumonia and group Btreptococcuswhich causes neonatal sepsis and meningitis,
both contain diacylglycerol containing glycolipiddich bind CD1d and are presented to
NKT cells. The activated NKT cells respond by cytekrelease and are required for
bacterial clearance. Sada-Ovalle and colleagues badied the role of NKT cells in
Mycobacterium tuberculosigtb) infection (119). This group reported thattMibfected
macrophages induced strong IFNesponse from splenocytes. This response was CD1d-
dependent and was attributed to NKT cells. Theyh&mr adoptively transferred NKT
cells into mice infected with Mtb and reported @r@ased bacterial burden in the lungs.
It was concluded that macrophages present Mtb-egedcantigens to NKT cells, which
produce IFNy and eventually lead to killing of these intracklubacteria. To further
extend the observation that NKT cells suppress Mfication, mice were treated with
the NKT cell activating ligandy-GalCer- alone or in combination with isoniazid Q)2
was found that NKT cell stimulation by treatmentMftb-infected mice withu-GalCer

led to decreased bacterial burden and increased/alirThis effect was enhanced when
a-C-GalCer, a C-glycoside analog @GalCer was used. This was attributed to the Thl
bias ofa-C-GalCer as compared toGalCer, because IFiN-was reported to play the
major role in anti-mycobacterial responses mourtgd\NKT cells. a-GalCer was also
found to have an additive protective effect whermbmed with isoniazid. Such
macrophage-mediated activation of NKT cells has #leen reported in the context of
Listeria monocytogenasfection (121). Emotet al. reported increased IFNand nitric

oxide (NO) after intraperitoneal administration @fGalCer in mice infected with..
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monocytogenesinfected macrophages thereafter showed increasspiratory burst,
which enabled killing of the bacteria. This studd o the conclusion that administration
of a-GalCer causes increased bacterial Kkilling in theagmsomes of infected
macrophages and also stimulates f-MNesponses by NKT cells, leading to amelioration
of listeriosis. It was later reported that accekdarecruitment of Gricells andys T cells

into the liver also contributed to the anti-backeffect ofa-GalCer (122).

The role of NKT cells in various Chlamydial infemtis has also been studied. Waatg
al. reported that pretreatment of mice witfGalCer followed by genital tract infection
with Chlamydia muridarunted to reduced bacterial burden and increaseIlbfid IFN-

v in the lymph nodes and genital tract (123). NKT sémulation also enhanced IFN-
production by NK cells and T cells, and further dimal the Thl response to this
pathogen. A similar Thl-biasing role for NKT celd involving DCs has been
established in a murine infection modelGiflamydia pneumonia@24). Besides aiding
Chlamydial clearance in mice, NKT cells have alserbreported to have a protective
role in Chlamydia trachomatiinduced arthritis (125). CDZ¥d infected mice showed
poor local bacterial clearance in the joint, andemgevere arthritis as compared to wild
type controls. This was due to lower IFNsroduction and higher regulatory cytokines
such as IL-4 and IL-10. All the above mentioned seomodels were based on C57/BL6
mice and have established a protective role for Ni€lls in Chlamydial infections.
However, Bilenki and colleagues reported that Cbidice on a BALB/c background

had improved outcome after infection wiflinlamydia trachomatisnd reduced IlI-4 and
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IgE production (126). Furthermore, treatment okatéd mice withu-GalCer enhanced
bacterial growthin vivo and this could be partially rescued by neutralraof IL-4,
suggesting that NKT cells exacerbated diseaseisns#tting by skewing toward a Th2
response. Whether this disparity is a result ofedghces in mouse strains, which can
significantly influence Th1/Th2 balances, is anuessvhich remains to be addressed.
Using a different approach to the modulation of NB&édllsin vivo, Devera and group
studied the effect of NKT cell activation of vacetmduced, anti-bacterial immunity to
Bacillus anthracis (127). It was found that the administrationseGalCer at the time of
immunization led to increased neutralizing antibdidgrs, as well as longer duration of
protection after immunization with the protectivatigen (PA)-based vaccine against
Bacillus anthracis Thus, NKT cells have been shown to play an ingyartole in the
immune response to bacterial pathogens. Thergmgisant interest in the modulation of
these responses through the use of NKT cell aotiydigands alone, as adjuvants for

vaccines, or in combination with other treatments.
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NKT cells in viral infections

NKT cells are known to have strong anti-viral aiyivincluding direct cytotoxicity.
Some viruses such as Herpes Simplex Virus (HSV)\&atinia virus (VV) are known
to alter CD1d-mediated antigen processing and ptagsen to NKT cells (128, 129).
Using a model of infection with mouse cytomegalosi(MCMV), Reilly et al. showed
that the activation of NKT cells by administratioha-GalCer led to reduced viral titers,
and increased CD8nemory T cells. It was thereby concluded thatativation of NKT
cells boosted protective immunity to MCMV in micgeveral reports have shown that
HIV infection is associated with decreased numlzérya24811 NKT cells in human
patients (130-132). The reduction of NKT cells ighter than conventional CDA cells.
NKT cells have also been found to be functionaliypaired, with elevated PD-1
expression during HIV-1 infection (133). Many et®rhave been directed towards
improving vaccines against HIV by includingGalCer to activate NKT cells. Prominent
among these, is the work published by Courteél. showing that an HIV vaccine
based on peptides from the HIV Envelope protein2gpllong witha-GalCer as an
adjuvant could elicit potent immune responses afteccosal delivery in mice (134).
Huang and group reported that co-administrationo-@alCer with a DNA vaccine
(pPADVAX) encoding the Env and Gag proteins of HIMed to improved responses in
mice (135). The use ofi-GalCer to activate NKT cells led to improved hualor
responses, as well as epitope-specific {FNesponses. Moreover, the inclusion oof
GalCer also had a dose-sparing effect on the DN&ia and has also been used as an

adjuvant with polylactic acid based nano-partideaines (136).
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The activation of NKT cells has also been showbdamportant in influenza infection.
When compared to wild type controls, COlrhice which lack NKT cells are known to
have a lower survival rate after influenza virugeation (137). The antiviral effect of
NKT cells is attributed to the production of IEN-which is important for NK cell
activation and also for CDS8T cell responses. IL-22 is also thought to be ived in the
protective effect of NKT cells activation towardfluenza A infection (138). A major
rationale for utilizing NKT cell activation to bobshe effectiveness of an influenza
vaccine was shown by Ket al. (139). This group reported an important role fd{TN
cell responses in vaccines using an ovalbumin (OW#gdel. They found that the
addition of a-GalCer while immunizing mice against OVA improvékde immune
response upon subsequent challenge with the OVAdeeBimilar to the effect od-
GalCer in HIV vaccines, they found thatGalCer as an adjuvant increased the
therapeutic efficacy of the vaccine at a lower dddereover, the humoral, cytokine and
T cell responses were enhanced and more effedthesinclusion of NKT cell activating
ligand a-GalCer in an influenza vaccine, A/PR/8/34 (PR&) te increased IgG and IgA
titers. Similarly, formalin-inactivated PRS8 influem virus with a-GalCer resulted in
lower viral titers in infected mice and higher PR&:cific antibody titers (140). Thus,
NKT cells are known to play an important role intiauiral immunity, a fact which is
being exploited by using NKT cell-activating antigeto improve the immunogenicity of

vaccines against viral infections.
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NKT cells in anti-tumor immunity

The original discovery of the potent anti-tumor dtian of NKT cells stemmed from the
observation that-GalCer injected into mice led to a striking redoictin B16 melanoma
tumor burden (66, 141). In clinical trials, theat@ment of patients with-GalCer showed
that it is well-tolerated and there was no dosetiing toxicity (117). 5 out of 24 patients
showed increased serum TNFand GM-CSF. However, no clinical responses were
detected, and 7 out of 24 patients experiencedesthfease for a median 123 days. The
limited effectiveness od-GalCer is probably because systemic injection-GfalCer can
cause anergy in NKT cells, or because cancer patigave reduced numbers of NKT
cells (97, 142-145). This has led to a growingriesé in restoring NKT cell numbers, and
also usingu-GalCer loaded on APCs, or as an adjuvant, to atn@dnduction of anergy
caused by soluble-GalCer. Among many efforts made in this directisrihe use of a
DC based vaccine against hepatocellular carcin@@p More specifically, this vaccine
was used to target Hepatitis B Virus (HBV)-assadahbepatocellular carcinomas which
express the HBV surface antigen (HBsAg). This amtigvas loaded on to DCs, and
GalCer was added as an adjuvant. This strategyedaapid remission from disease in
mice. The anti-tumor effect was attributed mairdyctytotoxic CD8 T cell responses.
However, IFNy and IL-12 are also involved in the anti-tumor @sge. The adjuvanted
vaccine was found to be significantly better thaa vaccine alone in terms of mean
survival, as well as tumor load. Despite the gdnleedief that NKT cell function can
protect against cancer, Bjordadtlal. have reported that type | NKT cells led to inceshs

tumor growth in B cell lymphoma by suppressing CO8cell responses, which perhaps
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points to the importance of context-dependent NIl activation and effector function
(146). In this study the authors initially discosdrthat mice lacking T cells had
improved disease outcome, however the depletid®»f or CD8 T cells had no effect.
The lack of type | NKT cells but not type Il NKT ltewas able to recapitulate these
observations. These results indicate that in thistesn, type | NKT cells were

immunosuppressive while type Il NKT cells mediatedi-tumor immunity.

The use of autologous tumor specific antigens tgetalymphomas can generate highly
specific and effective responses. However, a miguatation to their use is their poor
immunogenicity. This was overcome by the use-&alCer-loaded A20 lymphoma cells
in a mouse model (147). The vaccine was found itit effective immune responses to
lymphoma in mice in a CO4T cell dependent manner. Together these studsesshled
light on the fact that different immune responsé®4 and CDS8 T cells) are elicited
following administration of vaccines with-GalCer and the specific response elicited
may depend upon the type of vaccine, as well astuh®r type. Besides the use of
autologous tumor cells and DCs as APCs, attempte ladso been directed toward
identifying other APCs (148). For example, it haset shown that primary B cells
transduced with adenovirus encoding truncated HeetRtumor-specific antigen along
with a-GalCer were effective at raising specific antibodgponses (149). CDZ cells,
CDS8" T cells and NK cells were found to be important the anti-tumor response
elicited by the vaccine. The problem of NKT celeagy due to antigen presentation by B

cells did not pose a problem in this model and @oul fact, be further evidence of
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context-dependent activation of NKT cells and sgbseat fine tuning of innate and
adaptive immune responses. Another study also ubed Her-2/neu expressing
adenovirus transduction strategy, but the APCs usehis case were Myeloid Derived
Suppressor Cells (MDSC) (150). When these cellsesging tumor antigen were loaded
with a-GalCer, they did not suppress CDB cell responses or induce Forkhead Box P3
(FoxP3) expressing regulatory T (Treg) cells. lotfahe vaccine was found to enhance
tumor-specific CTL responses, and the MDSCs undarwieenotypic changes and acted
as potent immunogenic APCs (150). In 2010, Kihal. used a combination strategy for
an anti-tumor vaccine (151). The regimen consisted priming dose of DNA vaccine,
followed by DCs transduced to express Human Papdld/irus Type 16- E7 antigen
along witha-GalCer as an adjuvant. However, the subsequerdtésoconsisted only of
DCs loaded with E7 antigen. They reported effecéing-tumor responses with the use of
this DNA vaccine boosted with antigen-loaded D@mglwitha-GalCer. A recent study
used a combination of lenalidomide withGalCer-loaded DCs for the treatment of
myeloma and was well-tolerated in the tested co(i®@®). These studies established a

useful role for NKT cells and have set the stagdtifture translational efforts.
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Chapter 2: Materials and methods

2.1 Cdll lines, antigens and other reagents

L-CD1d, L-CD1d-DR4 and LMTK-CD1d, are mouse fibrasl cell lines transfected
with mCD1d1or mCD1d and HLA-DR4 (kindly provided by Dr. Randy Brutkiewicz,
Indiana University School of Medicine) and weretatéd in DMEM with 10% FBS and
2 mM L-glutamine. Additionally, selection agents 184 sulfate (500 pg/ml) from
Mediatech Inc. (Manassas, VA), Zeocin (200 pg/miyl &@2uromycin (5 pg/ml) from
Santa Cruz Biotechnology (Santa Cruz, CA) were ddake required. Unless otherwise
specified, all materials for cell culture were phased from Life Technologies (Carlsbad,
CA). WEHI-231 and WEHI-231/Bcl-xL cells were kindlgrovided by Dr. Gregory
Carey (University of Maryland, Baltimore) and cu#td in RPMI 1640 with 10% FBS,
100 mM sodium pyruvate, 10 mM non-essential amiid solution, 1x vitamin solution
and 50 uM 2-mercaptoethanol. The mouse type | NEIT leybridomas DN32.D3 and
N38-3C3, as well as the type Il NKT cell hybridontd87-1A12 have been described
and were cultured in IMDM supplemented with 5% F&®8 2 mM L-glutamine (69,
153). 17.9 CDA T cell hybridomas were kindly provided by Dr. JaniBlum (Indiana
University School of Medicine) and cultured in RPBMIpplemented with 10% FBS, 50
UM 2-mercaptoethanol and 2 mM L-glutamine. All cialles were maintained in cell
culture grade flasks from ThermoScientific (WalthamMA) at 37C in a 5% CQ
environment. Cells were viewed under an Olympus G¢t# microscope from Olympus

Corporation (Tokyo, Japan) using a 10x objectiveades were captured using an
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Olympus Pen E-PL1 digital camera from Olympus Compon (Tokyo, Japan).a-
Galactosylceramidea{GalCer) purchased from Enzo Life Sciences (NewkY®Gity,
NY) was used at a final concentration of 100 ngimbitro and 2ug/mousein vivo.
Human Serum Albumin (HSA) was purchased from Sigxithich (St. Louis, MO) and
used at 10uM. ABT-263 and ABT-199 (10 or 20) used for the inhibition of Bcl-xL
and/or Bcl-2 were a kind gift from Dr. Gregory CaréUniversity of Maryland,

Baltimore).

2.2 Over-expression and knockdown of Bcl-xL

The use of all recombinant DNA and viral vectorsswandertaken only with prior
approval from the Institutional Biosafety Commit{@B8C) at the University of Maryland
Baltimore. All procedures were performed in accomawith the guidelines established
by the IBC. LMTK-CD1d cells were transfected witkctor alone or vector encoding
Bcl-xL, kindly provided by Dr. Mark Williams (Univwsity of Maryland, Baltimore).
Transfection was carried out using Neofectin om@-stransfection reagent from
NeoBioLab (Cambridge, MA) as per the manufacturdrigctions. Stable transfectants
were then cultured in dual selection medium comgirG418 sulfate (500 pg/ml) and
Zeocin (200 pg/ml) and passaged every three dayserel were no evident
morphological, growth or survival defects in Bcl-glker-expressing cells as compared to
the controls. Over-expression of Bcl-xL was condnby Western blotting. Bcl-xL
knockdown was attained using lentiviral vectors chased from Santa Cruz

Biotechnology (Santa Cruz, CA). These replicatiommompetent lentiviral particles
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contained a pool of 3-4 short hairpin sequencegetad to théBcl2l1 gene that encodes
Bcl-xL, or theBcl-2 gene and polybrene based transduction was cavteads per the
manufacturer’s instructions. Stable transductargeeveultured in dual selection medium
containing G418 sulfate (500 upg/ml) and puromycth g/ml) with no evident
morphological, growth or survival defects, and wpassaged every three days. Bcl-xL

knockdown was confirmed by Western blotting.

2.3 Cdll viability and proliferation assays

LMTK-CD1d cells transfected with Bcl-xL and L-CDXxells in which Bcl-xL or Bcl-2
has been knocked down and the respective contrete added to 96-well flat bottom
microtiter plates (5x10cells/well in 100ul complete medium). WST-1 was purchased
from Roche Applied Science (Penzberg, Germany)ldhal was added per well. Cells
were incubated for the indicated time periods abhsoebance was measured using a
standard plate reader. The difference betweenliberbance at 450 nm and 690 nm was
measured as per the manufacturer’s instructionste$ocell viability of L-CD1d-DR4
cells following treatment with ABT-263 or ABT-19%e used the apoptosis detection kit
from BioLegend (San Diego, CA). Cells were stainedh Annexin-V-FITC and
propidium iodide as per the manufacturer’s instang and analyzed by flow cytometry.
Cells that were Annexin\PI" were considered apoptotic while all others wenesaered

viable. AnnexinV or PI single-positive cells werénmal.
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2.4 Mice

Female C57BL/6 mice were purchased from The Jacksboratory (Bar Harbor, ME)
and used at approximately 6 weeks of age. li-ttdnsgenic mice and c-Myc transgenic
mice were kindly provided by Dr. Julian L. Ambru, (State University of New York
(SUNY) at Buffalo School of Medicine and Biomedicatiences). IL-14 and c-Myc
double transgenic (DTG) mice have been describéatdand were obtained by crossing
IL-14a transgenic mice and c-Myc transgenic mice (154).aAimals were housed in
specific pathogen-free conditions at the Universayy Maryland Baltimore. All
procedures were performed with approval from thevehsity of Maryland Baltimore,
Institutional Animal Care and Use Committee (IACUEpr treatment withu-GalCer,
each DTG mouse was givenug of a-GalCer or vehicle alone, injected i.v. using a 29G
needle and 1 ml syringe from Med-Vet Internatiofhéttawa, IL). For this treatment;
GalCer in DMSO at Lg/ul was diluted in PBS and each mouse was injectéa 100pul.
Mice were treated at 8 weeks of age and eutharazeghproximately 14 weeks of age.
During this time, mice were closely monitored fdvanges in appearance, behavior or
responsiveness. After euthanasia, the mice weredisd and thymus, spleen, lymph
nodes and bone marrow were obtained. The liver fistsperfused by injecting PBS
through the hepatic portal vein and then removewl& cell suspensions of these organs
were prepared and used for analysis by flow cytometx vivo cocultures,ex vivo
restimulation or Western blotting. The liver wa®gassed to obtain mononuclear cells

using Percoll gradient centrifugation as describeldw.
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2.5 Histological Analyses

Spleen sections from wild type or DTG mice treatatth vehicle alone oun-GalCer was
fixed in 4% paraformaldehyde in PBS overnight anmnaemperature. Following fixation,
the tissue was washed and transferred to the HegtaCore Services at the University of
Maryland Baltimore for paraffin embedding and smuitng. Five micrometer sections
were prepared and stained with hematoxylin andne@d&E). These H&E stained

sections were visualized under a light microscopkimaged as described above.

2.6 Ex vivo anti-CD40 stimulation of B cells

After euthanasia and removal of spleens from C58Bhice, a single cell suspension of
splenocytes was prepared using a 70 um nylon mesh Fisher Scientific (Waltham,
MA) (Fig. 2.1). B cells were isolated using a mo@seell enrichment kit from Stem Cell
Technologies (Vancouver, Canada) as per the matwéais instructions. Purity was
determined by flow cytometry after staining withTEl-conjugated antibody to B220
(clone RA3-6B2) from BioLegend (San Diego, CA) (F&glA). Enriched splenic B cells
were suspended in RPMI 1640 with 10% FBS, and ofupplements as described
above. Primary splenic B cells were treated withug@dml of anti-CD40 antibody (clone
1C10) from eBioscience (San Diego, CA). For primaKT cells, the liver was
processed and liver mononuclear cells were obtaaeedgreviously described (155).
Briefly, the liver was perfused with PBS before mml. Once harvested, the liver was
cut into small pieces, and passed through aumOnylon mesh to prepare a single cell

suspension. This suspension was washed twice in bidfier (PBS with 2% FBS and
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0.02% sodium azide). The cells were then overlaith & layer of 37.5% Percoll and
centrifuged at 700g for 12 minutes at room tempeeatThe hepatocytes in the upper
layer after centrifugation were removed. The peléeintaining lymphocytes and
erythrocytes was washed in NKT buffer and erythtesyere lysed by hypotonic shock
using ACK lysis buffer from Quality Biologicals In¢Gaithersburg, MD). The remaining
mononuclear cells were washed twice with NKT buffBiKT cell percentage was
determined by flow cytometry after staining withF&Ir C-conjugated antibody to the
mouse TCRp chain (clone H57-597) from BioLegend (San Diegd)@nd APC-
conjugated CD1d tetramers loaded witialCer, kindly provided by the NIH Tetramer
Core Facility at Emory University (Atlanta, GA) (i2.1B). Treated B cells and liver

mononuclear cells were cocultured to measure anpgesentation to NKT cells.

2.7 Ex vivo restimulation of NKT cdlls

Following treatment withu-GalCer or vehicle alone, DTG mice were euthaniaad
their spleens were processed to obtain a singlesgsbension of splenocytes using a 70
um nylon mesh strainer. These splenocytes wereredltun 96-well microtiter plates in
complete medium, (5xf0cells/well) with or withouta-GalCer (100 ng/ml). After 48
hours, IFNy and IL-4 in the supernatant were measured usiaegnmbuse IFN¢ and

mouse IL-4 ELISA MAX™ kits from BioLegend (San Diego, CA).
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98.410 18.49% 13.23%

TCR-B

B220 a-GalCer:CD1d Tet

Figure 2.1 Purity of primary mouse splenic B cellsand NKT cells in the liver

mononuclear cell fraction
(A) B cells were isolated from mouse splenocyted anrface B220 expression was

determined by flow cytometry. (B) Liver mononucleails were isolated and the NKT
cell population was determined by flow cytometry TI€CR-{3 expression and binding of
a-GalCer loaded CD1d tetramers.
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2.8 NKT cell hybridoma assay

WEHI-231, L-CD1d or LMTK-CD1d cells (5 x £Qer well) were co-cultured with NKT
cell hybridomas (5x1Dper well) for 20 hours at 8Z in IMDM supplemented with 5%
FBS and L-glutamine. Primary mouse B cells werata@ with anti-CD40, washed with
complete medium and cocultured {I@r well) with liver mononuclear cells (2 x°1fer
well) for 24 hours at 3T in complete medium. For Bcl-xL/Bcl-2 inhibitioruslies, L-
CD1d-DR4 cells were treated with ABT-263 or ABT-1f@® 4 hours, washed twice with
PBS and once with complete medium, and coculturigd WKT cells. For the peptide
antigen presentation assay, L-CD1d-DR4 cells weaelédd with human serum albumin
(HSA) overnight, treated with ABT-263 or ABT-199rf4 hours, washed extensively and
cocultured with 17.9 T cells hybridomas. Followitite coculture, supernatants were
harvested and IL-2, IFN-or IL-4 levels were measured by ELISA. Mouse IERISA

kit from BD Biosciences (San Jose, CA) and moudéyland IL-4 ELISA kits from
BioLegend (San Diego, CA) were used. Data were hggdpusing Prism 5.02 from

GraphPad (La Jolla, CA).

2.9 CD1d blockade

LMTK-CD1d cells transfected with empty vector alomeBcl-xL at 5x10 cells/well in
complete medium were incubated with dgg/ml of purified anti-CD1d antibodies (clone
1B1) from BioLegend (San Diego, CA) at%7 for 2 hours before the addition of NKT

cell hybridomas.
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2.10 Flow cytometry

Cells were stained in staining buffer (PBS contagn®.5% BSA and 2 mM EDTA) for
30 min at 4C with fluorophore-conjugated antibodies, in acemwk with the
manufacturer’'s directions. Primary mouse B cellseveated with mouse Fc block
(anti-CD16/32 antibody) from BD Biosciences (Sase]dCalifornia) prior to the addition
of fluorophore-conjugated antibodies, as per thaufecturer’s directions. After staining,
cells were washed three times with staining budfet analyzed by flow cytometry. Data
were collected on an LSR Il from BD BiosciencesnSase, CA) and analyzed using

FCS Express Version 3 from De Novo Software (Log@das, CA).

2.11 Western blotting

Cells were lysed using lysis buffer containing N&C30 mM), Tris-Cl (50 mM), EDTA
(8.5 mM), sodium azide (0.02%), NP-40 (0.1%) andhplete mini protease inhibitor
cocktail tablet from Roche Applied Science (Indipoless, IN) as directed by the
manufacturer, prepared in water. Proteins werelveddy electrophoresis on a 4-12%
gradient polyacrylamide gel and transferred to ®PWhembrane using the iBlot transfer
system. All gels, equipment, buffers and other mmate were from Life Technologies
(Carlsbad, CA) and were used as per the manufadunstructions. Membranes were
probed with rabbit anti-mouse Bcl-xL antibody (atorb4H6) from Cell Signaling
Technology (Beverly, MA) or rabbit anti-mouse Rafpblyclonal) from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA). GAPDH levelsrer detected on the same blot as

the test protein using rabbit anti-mouse GAPDH kady (clone 14C10) from Cell
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Signaling Technology (Beverly, MA). Dylight-800 gogated anti-rabbit secondary
antibody was purchased from ThermoScientific (Watth MA). Membranes were
scanned using the Odyssey Imaging System from LRCBiosciences (Lincoln,

Nebraska).

2.12 Confocal microscopy

Cells were added to a Lab Tek Il Chamber slide fiidrarmo Scientific (Waltham, MA),
allowed to adhere overnight and fixed in 1% pamatidehyde in PBS for 15 minutes at
room temperature. Non-specific binding sites welechked by incubating cells in
PermWash buffer from BD Bioscience (San Jose, C) &% rat serum for 1 hour at
4°C. The cells were then incubated with antibodie€Bd.d (clone 1H6), kindly provided
by Dr. Randy Brutkiewicz (Indiana University SchaslMedicine, Indianapolis, IN), rat
anti-mouse LAMP1 (clone 1D4B) from eBioscience (®aego, CA), rabbit anti-mouse
EEA1 (clone C45B10) from Cell Signaling Technolo@everly, MA) or rabbit anti-
mouse Rab7 (polyclonal) from Santa Cruz Biotechggldnc. (Santa Cruz, CA) af@
overnight. After washing, AlexaFluor-546 conjugateati-mouse 1gG, APC conjugated
anti-rabbit IgG and AlexaFluor 647 conjugated aati-lgG from Life Technologies
(Carlsbad, CA) were added and incubated for 1 lmduoom temperature in the dark.
Slides were then mounted using Vectashield mountieglium containing DAPI from
Vector Laboratories (Burlingame, CA). Images wecguared using a 40x lens on the
LSM 510, a laser scanning microscope from Carl Zdicroscopy (Oberkochen,

Germany) using the Zen 2009 software and processety the Zeiss LSM Image
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Browser Version 4.2.0.121. Colocalization was qifi@ck using the same software from
5 different images, and Pearson’s correlation folocalization was represented as
percent of control. Additionally, Rab7 staining wagsantified by pixel number from 5

different images and represented as percent ofalont

2.13 gPCR arrays

The mouse dendritic cell and antigen presentin aetl mouse autophagy RProfiler
PCR Arrays and all other reagents were purchasea fQiagen (Venlo, Limburg).
MRNA was extracted from samples using the RNeasys RMini kit. cDNA was
synthesized using the RFirst Strand kit as per the manufacturer’s ingtoms. This
cDNA was loaded on to the PCR array plates ashgentanufacturer’s directions, and
run on an ABI 7900 gPCR machine from Life TechnasegCarlsbad, CA). The gPCR
program was set up as per the manufacturer’'s etgins. All arrays were repeated at
least twice and data were analyzed using Qiagemlise RT Profiler PCR array data

analysis software.
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2.14 Statistical analyses

All experiments were repeated at least three times-tailed student’s t test, one-way
analysis of variance (ANOVA) or two-way ANOVA wetsed as appropriate. Specific
experimental groups were compared with controlaguiihe Bonferroni post test. p value
less than 0.05 was considered significant. All gsed were performed using Prism 5.02

by GraphPad (La Jolla, CA). *** p<0.001, ** p<0.@hd * p<0.05.
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Chapter 3: The role of Bcl-xL in CD1d-mediated antgen presentation

to NKT cells

3.1 Introduction

NKT cells are activated by glycolipid antigens live tcontext of CD1d molecules. One of
the most striking and well-established functiondN&{T cells is their anti-tumor effect,
mediated directly by cytotoxicity, as well as iraditly by cytokine production which
leads to the recruitment and activation of othdirtgpes such as NK cells, CDF cells
and CD4 T cells (156-158). Previous studies in our labamathave demonstrated that
NKT cells can specifically recognize B cells fronantle cell lymphoma (MCL) patients
(159). However, the precise mechanisms that uredtvé recognition of tumors by NKT
cells remain poorly understood. Such mechanismsbzandentified through detailed
studies on antigen presentation to NKT cells, @andegulation by cell-intrinsic factors.

In contrast to the MHC restriction of classical dlls, NKT cells are CD1d-restricted (65,
68). Mice posses£D1dl and CD1d2 genes, howeverCD1d2 does not encode a
functional product, and antigen presentation to N¢€lls is dependent upon CD1d1l
molecules (referred to as CD1d) (160, 161). The €bblecule is structurally similar to
MHC class | with a three domain chain that associates wiff2-microglobulin ,m),
but unlike the classical MHC class | molecule, CDibg a hydrophobic antigen binding
groove (162, 163). Also, in contrast to the ubigug expression of MHC class |, CD1d is

mainly expressed on dendritic cells, macrophagesIB and T cells (164). The process
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of CD1d-mediated antigen presentation is complek lzggins with the synthesis of the
CD1da chain in the ER (Fig. 3.1) (165). Here chaperdikescalnexin, calreticulin and
Erp57 ensure that it is properly folded (166). Tdmigen binding groove of CD1d is
occupied by a self-lipid antigen thought to be lkeddy the microsomal triglyceride
transfer protein (MTTP) (75, 167). After associatizith f,m, the CD1d molecule
follows the secretory pathway from the ER to thelgb@nd reaches the plasma
membrane (PM). In order to present an activatindogenous antigen to NKT cells,
CD1d molecules recycle from the PM to endocytic partments due to the presence of a
tyrosine based targeting motif (Ygwhere Y is tyrosine, x is any amino acid anc a
hydrophobic amino acid) (168, 169). This is analggt®o the invariant chain (li) for
MHC class Il molecules. In fact li, which mediateafficking from the golgi to the
lysosomes can associate with CD1d. However, thep¥mgtif is necessary for the proper
recycling of CD1d molecules and their traffickingthe endocytic compartments (170).
These recycled CD1d molecules can present antgggmpée | NKT cells, but type 11 NKT
cells do not require this recycling. Following imtelization from the PM, adaptor
proteins AP2 and AP3 direct CD1d molecules to ylsesomal compartment, also known
as MIIC, where MHC class Il molecules are norméligded with peptide antigens (171,
172). Once in the endocytic recycling compartm#ré,stabilizing self lipid is exchanged
for other activating lipid antigens with the help saposins (173). These loaded CD1d
molecules are then re-expressed on the PM and eametognized by canonical
Valdh18 NKT cells. The localization of CD1d to cholesierich lipid rafts is important

for efficient antigen presentation, especially Ime tpresence of low concentrations of

49



antigens and the disruption of these lipid raftsleto reduced antigen presentation (174,
175). The complex multi-step process of CDld-mediatintigen processing and
presentation has several potential levels of conyed very few endogenous regulatory
factors have been identified. Prominent among thase the mitogen-activated protein
kinases (MAPK), PK@ and Rho kinases (176-178). In this study we sotmidentify a
target that regulates CD1d-mediated antigen prasent and is relevant to tumor growth

and survival.

Anti-apoptotic Bcl-2 family members are known to bgpressed at high levels in
lymphomas and other malignancies, as discussedhaptér 1, Section 1.4. Bcl-2 and
Bcl-xL are two of the most well-studied anti-apdptdactors from this family. Bcl-xL,

in particular, is a potent anti-apoptotic factodaxerts its function by heterodimerizing
with pro-apoptotic Bcl-2 family members (or activet of apoptosis) and preventing the
permeabilization of the mitochondrial outer memleramd the escape of cytochrome c.
Bcl-xL can also mediate its pro-survival function dausing the retro-translocation of the
pro-apoptotic factor Bax, from the mitochondriahe cytosol (179). In addition, Bcl-xL
prevents the formation of ceramide channels, whiehalso involved in mitochondrial
membrane permeabilization (32). Although Bcl-xL wasditionally considered a
mitochondrial apoptosis-regulator, recent evidestoews that this protein is also present
in other compartments such as the ER and can reeglmptosis-independent functions,
as described in Chapter 1. Furthermore, Bcl-xL a#act the intracellular endosomal

compartments, which are critical for antigen preasg and presentation (180).
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Figure 3.1: CD1d-mediated antigen processing and psentation

CD1d molecules synthesized in the ER, travel to ¢k# surface via the secretory
pathway. They are then internalized and trafficotigh the endocytic compartments,
ultimately reaching the lysosomal compartment, &isown as the MIIC. The stabilizing
self-glycolipid can then be exchanged for an atingaantigen and the recycled CD1d
molecules are re-expressed on the cell surface.
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In a study by Ventet al., Bcl-xL has been reported to interact with varituagficking
related proteins such as calnexin, Rab7, ER gotgrmediate compartment 1 (ERGIC1)
and vesicle associated membrane protein 3 (VAMBBjerscoring the multi-faceted
effects of Bcl-xL (181). Due to its strong upredida in lymphomas and its diverse roles
in apoptosis, ceramide metabolism and regulationth& endocytic pathway, we
hypothesized that Bcl-xL plays a role in the regala of CD1d-mediated antigen
presentation to NKT cells. To examine such a roteBcl-xL, we conducted a series of
overexpression, induction, and knockdown studiesddition, we examined the effect of
pharmacological agents known to disrupt Bcl-xL fime and assessed intracellular
trafficking to endocytic compartments. Interestyngve found that the mechanism of
regulation is independent of surface CD1d expresscmstimulatory molecules and
CD21d recycling. Following Bcl-xL knock down, altéi@ns in intracellular trafficking of
CD1d were observed. In addition, the expressioRalf7, a late endosomal protein was
increased and there was expansion of the late enddcompartment. CD1d molecules
were reduced in the early endosomes and lysos@ndsancreased in the late endosomal
compartment. These data show that in the absencBcbkL, the expanded late
endosomal compartment acts as a CD1d depot and aftegen presentation, ultimately

resulting in decreased NKT cell activation.
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3.2 Results

Over-expression of Bcl-xL in antigen presentingscéads to increased
NKT cell responses

As described in Chapter 1, Bcl-xL is a pro-survivaémber of the Bcl-2 family of
proteins and is highly expressed in cancers, ealbhedymphomas. Bcl-xL also plays
important apoptosis-independent roles. Bcl-xL cateract with various trafficking
proteins and can also regulate components of tleoytic pathway (180, 181). We
therefore hypothesized that Bcl-xL affects the igbibf an antigen presenting cell to
present glycolipid antigens to NKT cells, indepamtdef its regulation of apoptosis. To
determine if the overexpression of Bcl-xL has afeafon CD1d mediated antigen
presentation, we utilized WEHI-231, a classical avell-characterized murine B cell
lymphoma cell line (182), and compared it to a WE3L-derived cell line stably
transfected with murine Bcl-xL. Over-expressionBui-xL protein was first confirmed
by Western blotting (Fig. 3.2 A). Next, the WEHI®8ontrols and Bcl-xL transfectants
were cocultured with two canonicalo¥4:18 NKT cell hybridomas- DN32.D3 and
N38-3C3. These NKT cells produce the T cell grofeittor IL-2 upon activation, which
is used as the read-out in this system. Followimeg doculture with WEHI-231 control
and WEHI-231/Bcl-xL, we determined the levels ofdlin the supernatant by ELISA
(Fig. 3.2 B and C). In the absence of exogenoudtied antigens, the WEHI-231 control,
as well as Bcl-xL transfected cell lines, failedatctivate NKT cells. These data suggest
that the endogenous antigen presented by CD1d oletem these cells does not activate

NKT cells. However, when the potent NKT cell agonisGalCer, was added to the co-

53



culture, Bcl-xL transfected cells were able to stiae NKT cells, unlike the
untransfected controls. These data demonstrateGbad molecules expressed on the
cell surface of WEHI/Bcl-xL cells are functionalutbthese cells do not present an
activating endogenous ligand. Furthermore, thegmtasion of an exogenous antigen is
enhanced following the over-expression of Bcl-xig(B.2 B and C). To characterize the
potential role of Bcl-xL in CD1d-mediated antigeregentation we used LMTK cells as
anin vitro antigen presenting cell system. LMTK cells, traeséd with CD1d (LMTK-
CD1d), are known to present an endogenous actiyairtigen to NKT cells (183).
Furthermore, LMTK-CD1d cells can be cocultured wéhpanel of mouse NKT cell
hybridomas, which produce high levels of IL-2 feliog activation, providing a
straightforward system to study CD1d-mediated antigresentation to NKT cells with
minimal confounding factors. In order to directbst if Bcl-xL plays a role in antigen
presentation to NKT cells, LMTK-CD1d cells wererséected with an empty control
plasmid or a plasmid carrying thgxl2l1 gene, which encodes Bcl-xL, resulting in the
over-expression of Bcl-xL. There were no evidefiedences in cell morphology, growth
or proliferation (Fig. 3.3 A and B). Bcl-xL over-pression was confirmed by Western
blotting (Fig. 3.4 A). Transfection with Bcl-xL didot dramatically alter surface CD1d
expression as analyzed by flow cytometry (Fig. B4 These LMTK-CD1d cells
transfected with Bcl-xL or the controls were coatdid with DN32.D3 and N38-3C3,
which are canonical type | NKT cells and also N32, which is a type Il NKT cell
hybridoma (69, 153). We found that the over-expogsef Bcl-xL in LMTK-CD1d cells

elicited significantly higher response from allébrhybridomas tested (Fig.3.4 C-E).
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From these data, it is evident that Bcl-xL can @ffdKT cell activation, since the over-
expression of Bcl-xL leads to increased NKT cedp@nses. Furthermore, we used CD1d
blocking antibodies and found that IL-2 productisas completely lost following CD1d
blockade in the control transfected as well as)ctransfected LMTK-CD1d cells (Fig.
3.5 A-C). This indicates that regulation of Bcl-d_specific to CD1d-dependent antigen

presentation to NKT cells.
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Figure 3.2: Over-expression of Bcl-xL in WEHI-231 ells leads to increased antigen
presentation to NKT cells

(A) Western blot showing Bcl-xI protein levels (wppanel) in WEHI-231 control or
Bcl-xL over-expressing cells. GAPDH (lower pane$) the loading control. (B-C)
Medium alone, WEHI-231 control or Bcl-xL over-expsing cells were cocultured with
(B) DN32.D3 or (C) N38-3C3 NKT cell hybridomas ihet presence or absenceoof
GalCer. IL-2 was measured in the supernatant bysEBLI
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Figure 3.3: Over-expression of Bcl-xL does not altecell size, morphology, viability
or proliferation
(A) LMTK-CD1d cells transfected with empty vectdomae or vector encoding Bcl-xL

were cultured in cell culture grade flasks in coat@lmedium, and imaged under a light
microscope. (B) Control or Bcl-xL over-expressinglTK-CD1d cells were incubated
with WST-1 cell viability and proliferation assagagent for the indicated time periods.
The difference between absorbance at 450 nm and®96 represented.

57



LMTK-CD1d cul
Citrl Bcl-xL —Bcl-xL

L _ BCI'XL

S wss GAPDH

CD1d

c DN32.D3 b N37-1A12 £ N38-3C3

1500- 500+ " 300+

*%%k *x
—_ — 400 —
£ 10004 I £ 2004
= S, 3004 =
~ N 200 <
N 500 o 2P N 1004
= B 0 100
1004
oA oL N-D. o N.D.
Med. — Cul  BelxL Med. Ctrl  BelxL Med. Ctrl  BclxL

Figure 3.4: Over-expression of Bcl-xL in LMTK-CD1d cells leads to increased

CD1d-mediated antigen presentation to NKT cells

(A) Western blot showing Bcl-xL protein levels (wgppanel) in LMTK-CD1d cells

transfected with empty vector (ctrl) or Bcl-xL. GBPF (lower panel) is the loading
control. (B) Flow cytometry shows surface CD1d egsion on LMTK-CD1d cells

transfected with Bcl-xL (open histogram) or vectdone (shaded histogram). (C-E)
LMTK-CD1d cells transfected with empty vector orct@ encoding Bcl-xL were

cocultured with (C) DN32.D3, (D) N37-1A12 or (E) BE3C3 NKT cell hybridomas. IL-

2 in the supernatant was measured by ELISA.
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Figure 3.5: Bcl-xL-mediated regulation of NKT cellresponses is CD1d-dependent
(A-C) LMTK-CD1d control and Bcl-xL over-expressingells were treated with anti-
CD1d blocking antibodies prior to the addition &) (DN32.D3, (B) N37-1A12 or (C)
N38-3C3 NKT cell hybridomas. IL-2 in the supernataas measured by ELISA.
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Induction of Bcl-xL by CD40 stimulation in B celdsads to increased NKT

cell activation

We found that the over-expression of Bcl-xL in gati presenting cells leads to
enhanced antigen presentation to NKT cells. Negtwanted to induce Bcl-xL using a
biological stimulus and determine if antigen preagon to NKT cells was affected. One
of the most well-known aspects of B cell stimulatiwith anti-CD40 antibody is the
upregulation of Bcl-xL, and has been reported esitely in WEHI-231 cells, primary
mouse B cells and also in human B cells (184-187¢. treated WEHI-231 cells with
anti-CD40 antibody (clone 1C10) and confirmed thduction of Bcl-xL protein by
Western blotting (Fig. 3.6 A). We found that treatrthwith anti-CD40 antibody did not
alter surface CD1d expression as determined by figtometry (Fig. 3.6 B). When
cocultured with NKT cell hybridomas in the preserafea-GalCer, WEHI-231 cells
treated with anti-CD40 antibody elicited higher NK€&Il activation compared to cells
treated with isotype control antibody (Fig. 3.6 1@ d). This shows that the induction of
Bcl-xL in a B cell lymphoma cell line leads to ieased NKT cell responses. These
results are consistent with the data obtained fower-expression of Bcl-xL (Fig.3.2 and
Fig. 3.4), and show that increased Bcl-xL leveladl¢o a corresponding increase in

CD1d-mediated antigen presentation to NKT cells.
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Figure 3.6 Treatment of WEHI-231 with anti-CD40 antbody leads to increased
CD1d-mediated antigen presentation to NKT cells

WEHI-231 cells were treated with anti-CD40 antibamyan isotype control antibody for
24 hours. (A) Western blotting shows Bcl-xL prot&mels (upper panel) after treatment.
GAPDH (lower panel) is the loading control. (B) Wi@ytometry showing surface CD1d
expression following treatment with isotype contatibody (shaded histogram) or anti-
CD40 antibody (black histogram). (C-D) Medium alareWEHI-231 cells treated with
isotype control antibody or anti-CD40 antibody weeultured with (C) DN32.D3 or
(D) N38-3C3 NKT cellhybridomas in the presence @fGalCer. IL-2 in the supernatant

was measured by ELISA.
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Bcl-xL-mediated regulation of antigen presentatioprimary B cells

To eliminate the possibility of cell line speciffects and validate the results in primary
mouse cells, we treated freshly isolated splenices with anti-CD40 and cocultured
them with liver mononuclear cells as a source amary NKT cells (Fig. 3.7).
Approximately 40% of T cells in the liver are NKElts, as compared to the thymus and
spleen (1-2%). Also, liver NKT cells are the onlybset known to mediate anti-tumor
effector functions (188). To study antigen presemtausing primary cells, we isolated B
cells from murine splenocytes and ensured purit¥3B20 expression by flow cytometry
(Fig. 2.1 A). We obtained the liver mononucleadsaind used antibodies to the TR
chain ando-GalCer loaded CD1d tetramers to determine NKT petcentage (Fig. 2.1
B). For the induction of Bcl-xL in B cells, we tted purified primary splenic B cells
with anti-CD40 antibody for 24 hours. Western bigt was used to ensure the
upregulation of Bcl-xL protein (Fig. 3.8 A). Follomg treatment, cells were washed and
cocultured with liver mononuclear cells in the nese or absence afGalCer. NKT cell
activation was assessed by measuring yFN-IL-4 in the supernatant by ELISA (Fig.
3.8 B and C). There was no detectable cytokine yortiah in the absence ofGalCer
demonstrating that the observed responses were d¢éBpecific. In the presence of
GalCer, anti-CD40 treated B cells led to increaéd-y production by NKT cells as
compared to their untreated or isotype controlta@&ounterparts (Fig. 3.8 B). However,
IL-4 production was unchanged after treatment aitti-CD40 antibody (Fig. 3.8 C). All
cytokine levels were detectable only in the presasfd\NKT cell antigens. This indicates

that the responses observed are NKT cell drivenspite of the use of total liver
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mononuclear cells in the coculture. In addition, amalyzed the cells by flow cytometry
following treatment and found no changes in thdasar expression of MHC class |,
CD1d, CD80, or CD86 (Fig.3.9 A-D). Together, thes¢éa show that Bcl-xL plays a role
in CD1d-mediated antigen processing and present&i®dKT cells in arex vivosystem

using primary mouse B cells and NKT cells.
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Figure 3.7: Bcl-xL induction in primary mouse B cels

Spleens and livers from C57BL/6 mice were obtainBdcells were isolated from
splenocytes using a mouse B cell enrichment kit @medted with anti-CD40 antibody
(10ug/ml) or an isotype control for 24 hours. Liver noomiclear cells were separated
using a Percoll gradient and used as a sourcerofpy NKT cells. Anti-CD40 treated B
cells were cocultured with liver mononuclear cellgsh or without a-GalCer. After 24
hours, IFNy and IL-4 were measured in the supernatant by ELISA
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Figure 3.8: Treatment of primary mouse B cells withanti-CD40 antibody leads to
increased antigen presentation to primary mouse ler NKT cells

(A) Western blot showing Bcl-xL induction (uppernad) following treatment of primary
mouse B cells with anti-CD40 antibody for 24 hou&APDH (lower panel) is the
loading control. (B-C) Control or Anti-CD40 treatpdmary B cells were cocultured with
liver mononuclear cells in the presence or absehaeGalCer. (B) IFNy or (C) 1I-4 was
measured in the supernatant by ELISA.
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Figure 3.9: Cell surface expression of CD1d, MHC abks | and classic costimulatory
molecules is unchanged following treatment with amCD40 antibody

Primary splenic mouse B cells were treated witlir@mt40 or an isotype control antibody
for 24 hours. Cell surface expression of (A) CD@®), MHC class | (H-2K), (C) CD80
and (D) CD86 was determined by flow cytometry.

66



Pharmacological inhibition of Bcl-xL leads to reciecNKT cell responses

In order to study the effect of Bcl-xL inhibitiomdCD1d-mediated antigen presentation
to NKT cells, we used small molecule inhibitorsttband the Bcl-2 Homology 3 (BH3)
domain of Bcl-xL. BH3-BH3 interactions between m@ios of the Bcl-2 family are
critical for their function. We treated L-CD1d celwith two small molecule BH3
mimetics, ABT-263 and ABT-199 (36, 37) which arendtional inhibitors. ABT-263
targets both Bcl-xL and Bcl-2, while ABT-199 is Bzlspecific. We treated L-CD1d-
DR4 cells with ABT-263 or ABT-199 for 4 hours anded Western blotting for Bcl-xL
(Fig. 3.10 A). Following the drug treatment, cellgere washed extensively and
cocultured with NKT cell hybridomas (Fig. 3.10 B)e found that inhibition of Bcl-
xL/Bcl-2 using ABT-263 led to decreased CD1d-mestiaantigen presentation to NKT
cells. In contrast, inhibition of Bcl-2 only by &tng with ABT-199 had no effect on
antigen presentation to NKT cells (Fig. 3.10 B).e$& data demonstrate that BH3
domain-based functional inhibition of Bcl-xL but tnBcl-2 leads to reduced CD1d-
mediated antigen presentation to NKT cells. Sin&T/&63 and ABT-199 can induce
apoptosis at higher concentrations, cell viabivxas determined by Annexin V-PI
staining, where Annexin VPI" cells were considered apoptotic and the remainder
cells were considered viable (single positive cellsre minimal). There were no
differences in viability between treated and urtedagroups, indicating that our selected
treatment concentrations were not sufficient taucelcell death and the role of Bcl-xL in
CD1d-mediated antigen presentation is independémtpoptosis (Fig. 3.11 A). Also,

there were no evident changes in cell surface sgme of CD1d following treatment
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with ABT-263 or ABT-199, as determined by flow cgtetry (Fig. 3.11 B). The antigen
presentation pathway of CD1d is similar to cladsMBIC class Il in that it involves the
lysosomal or MHC class Il compartment (MIIC). CDiblecules are recycled from the
cell surface and end up in the MIIC, while MHC gldsmolecules are transported to this
compartment from the golgi by the li (Section 3.Hpwever, antigen presentation by
both CD1d and MHC class Il requires traffickinge lysosomes or MIIC. We sought to
determine the effect of Bcl-xL inhibition on pemidantigen presentation to classical
CD4" T cells by MHC class Il molecules (189). L-CD1d-BRells loaded with human
serum albumin (HSA) were treated with ABT-263 or ’RB99, washed extensively and
cocultured with the 17.9 T cell hybridoma line (F&12 A). Similar to CD1d-mediated
antigen presentation, we found that the presemtatio HSA was reduced following
treatment with ABT-263 but was unaffected by treatimwith ABT-199. Surface
expression of HLA-DR was determined by flow cytomgeand found to be unchanged
(Fig. 3.12 B). Thus, the pharmacological inhibitiohBcl-xL leads to decreased CD1d-
mediated antigen presentation to NKT cells, as welMHC class Il-mediated antigen

presentation to classical CDZ cells.
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Figure 3.10: Pharmacological inhibition of Bcl-xL aad Bcl-2 but not Bcl-2 alone
leads to reduced antigen presentation to NKT cells

(A) L-CD1d cells were treated with vehicle aloneMBO), ABT-263 or ABT-199 for
four hours. Western blotting shows Bcl-xL proteavels (upper panel). GAPDH (lower
panel) is the loading control. (B) After treatmeoglls were washed extensively and
cocultured with DN32.D3 NKT cell hybridomas. Afted hours, IL-2 released in the
supernatant was measured by ELISA
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Figure 3.11: Cell viability and surface CD1d expresion are unchanged after
treatment with Bcl-xL/Bcl-2 inhibitors

(A) L-CD1d cells treated with vehicle alone, ABT2@®&r ABT-199 for 4 hours were
stained for AnnexinV and PI. Annexii®I" cells were considered viable and represented
as percent of untreated control. (AnnexinV or gk positive cells were minimal). (B)
Following treatment with ABT-263 or ABT-199, surfacCD1d expression was

determined by flow cytometry.
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Figure 3.12: Pharmacological inhibition of Bcl-xL aad Bcl-2 but not Bcl-2 alone
leads to reduced antigen presentation by MHC Clads$to classical CD4 T cells

(A) L-CD1d-DR4 cells were treated with vehicle ado(DMSO), ABT-263 or ABT-199
for four hours, washed extensively and coculturéth WN32.D3 NKT cell hybridomas.
After 24 hours, IL-2 released in the supernatans weeasured by ELISA. (B) After
treatment with ABT-263 or ABT-199, surface HLA-DRpgession was determined by

flow cytometry.
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Stable knock-down of Bcl-xL causes inhibition ofl@®nediated antigen

presentation to NKT cells

L-CD1d cells express high levels of Bcl-xL, themefat is a good system to investigate
the effects of Bcl-xL knockdown on CD1d-mediatedigen processing and presentation.
We used lentiviral particles carrying a pool of 8ifRsequences targeting tiBel2I1 or
the Bcl2 gene which encode the Bcl-xL and Bcl-2 protein pessively. After
transduction, stable cell lines were generated mwadhtained in culture. Cells were
regularly passaged at the same rate and there meerapparent differences in cell
morphology, growth or proliferation following st&bknock down (Fig. 3.13 A and B).
Bcl-xL or Bcl-2 knock down was confirmed by Westdstotting (Fig. 3.14 A). There
were no evident changes in surface CD1d expres&towing transduction and
selection of stable integrants, as determined &y tytometric analyses (Fig. 3.14 B).
Following the knockdown of Bcl-xL or Bcl-2, L-CD1cklls were cocultured with NKT
cell hybridomas. Cells transduced with scrambletrmbrshRNA were used as controls.
The knockdown of Bcl-xL or Bcl-2 led to significaptdecreased NKT cell activation as
indicated by a reduction in IL-2 production by b@hN32.D3 and N37-1A12 NKT cell

hybridomas (Fig. 3.14 C and D).
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Figure 3.13: shRNA-mediated knockdown of Bcl-xL oBcl-2 does not alter cell size,
morphology, viability or proliferation

(A) L-CD1d cells transduced with lentiviral pargsl carrying a scramble control or
shRNA targeting Bcl-xL or Bcl-2, were cultured celilture treated flasks in complete
medium, and imaged under a light microscope. (Bt or Bcl-xL over-expressing
LMTK-CD1d cells were incubated with WST-1 cell viity and proliferation assay
reagent for the indicated time periods. The diffieseebetween absorbance at 450 nm and
690 nm is represented.
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Figure 3.14: shRNA-mediated knockdown of Bcl-xL orBcl-2 leads to reduced

CD1d-mediated antigen presentation to NKT cells

(A) Western blot showing Bcl-xL (upper panel) orlc(middle panel) protein in L-

CD1d cells transduced with lentiviral particlesrgarg a scramble control or shRNA
targeting Bcl-xL or Bcl-2. GAPDH (lower panel) iset loading control. (B) Cell surface
CD1d following the knockdown of Bcl-xL or Bcl-2 in-CD1d cells was determined by
flow cytometry. (C-D) After stable knockdown of BxL or Bcl-2, L-CD1d cells were

cocultured with (C) DN32.D3 or (D) N37-1A12 NKT ¢télybridomas and IL-2 in the
supernatant was measured by ELISA.
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Bcl-xL regulates intracellular CD1d trafficking

Bcl-xL knockdown results in a significant reduction CD1d-mediated antigen
presentation to NKT cells; however, the levels affface CD1ld expression are
comparable to the controls. In order to addresgtssibility of time-dependent changes
in CD1d expression, we incubated control or BclBdl/2 knockdown L-CD1d cells
with a-GalCer for 0, 2, 4, 8, 16 and 24 hours. Surfagaession of CD1d and CD1dg:
GalCer complexes was determined using antibodieSDad alone (clone 1B1) or in
complex with a-GalCer (clone L363). We found no striking diffeces between the
scramble transduced cells and cells in which BcledLBcl-2 was knocked down,
indicating that the observed effects cannot bebated to subtle temporal changes in
CD1d expression (Fig. 3.15 A and B). The over-esgian or knockdown of Bcl-xL
altered the activation of N37-1A12, a type Il NK&lichybridoma. These NKT cells do
not require CD1d recycling for antigen presentatisnggesting that this is not the
mechanism by which Bcl-xL mediates its regulatidre therefore hypothesized that Bcl-
xL alters the intracellular trafficking of CD1d nemlules. To determine the precise
mechanism of regulation, we first analyzed theaiegtlular localization of CD1d in L-
CD21d cells after Bcl-xL knockdown. Under normal daions, CD1d is localized in the
lysosomal compartment, as seen by its colocalizatibh LAMP1 (lysosome associated
membrane protein 1, CD107a) (190). We used confotatoscopy to determine the
intracellular location of CD1d following Bcl-xL kraxdown. As expected, control L-
CD21d cells (scramble) showed strong colocalizatb@D1d with LAMP1 (Fig. 3.16 A).

Interestingly, after Bcl-xL knockdown (shBcl-xL) ighcolocalization was significantly
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reduced (Fig. 3.16 A and B). These data show tiktwing Bcl-xL knockdown, there is
a decrease in CD1d molecules in the LAMRbmpartment, and this is at least one
mechanism by which Bcl-xL regulates antigen presént to NKT cells. Thus, Bcl-xL
can regulate the intracellular trafficking of CDiblecules to the LAMP1lysosomal

compartment, also known as the MIIC.
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Figure 3.15: Surface expression of CD1d and CDla:GalCer complexes at
multiple time points is unchanged after knockdown 6Bcl-xL or Bcl-2

L-CD1d cells transduced with lentiviral particlesrying a scramble control or shRNA
targeting Bcl-xL or Bcl-2 were incubated withGalCer for the indicated time periods.

Cell surface expression of (A) CDl1ld and (B) CDtGalCer complexes was
determined by flow cytometry.
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Figure 3.16: Reduced expression of CD1d molecules the LAMP1" lysosomal
compartment following Bcl-xL knockdown

(A) Confocal microscopy was used to determine thedgetlular localization of CD1d.
L-CD1d cells transduced with a scramble shRNA (@efiumn) or an shRNA sequence
targeting Bcl-xL (shBcl-xL, right column) were figde permeabilized and stained with
antibodies to CD1d (red), and LAMPL1 (green), a raad{ the lysosomal compartment.
DAPI (white) was used to visualize the nucleus. Tierge (lowermost panels) show
that CD1d is localized in the LAMPllate endosomal/lysosomal compartment in the
control (yellow) while this localization is reducddllowing Bcl-xL knockdown. B)
Quantification of CD1d and LAMP1 colocalization stramble control or Bcl-xL

knockdown cells.
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Bcl-xL causes expansion of the Rakiate endosomal compartment

We found that Bcl-xL knockdown leads to the loss @D1d from the LAMP1
compartment (Fig. 3.16 A and B). We further sougihtdetermine an alternative
intracellular compartment where CD1d molecules audate following Bcl-xL
knockdown. We found that similar to the LAMPtompartment, there was reduced
colocalization of CD1d with EEA1, a marker for gagndosomes, following Bcl-xL
knockdown (Fig. 3.17 A and B). This shows that CDtdlecules are reduced in the
LAMP1" lysosomes as well as the EEAgarly endosomes, indicating that CD1d
molecules might have accumulated in a differentacellular compartment, impairing

antigen presentation after Bcl-xL knockdown.

A previous report has shown that Bcl-xL can bindRb7, which is a Ras-related GTP
binding protein present in late endosomes (191h.7Rs critical to endosome biogenesis
and the endocytic pathway. We found that there gvaater Rab7 staining after Bcl-xL
knockdown as compared to the scramble control @8 A and B). The increased Rab7
staining indicates an expansion of the late endasaompartment, while the probability
of colocalization of CD1d and Rab7 remained unckdnguggesting that following Bcl-
xL knockdown, CD1d molecules may be accumulatinghm late endosomes (Fig. 3.18
A, B and C). We also examined Rab7 protein levglsMestern blotting and found that
following Bcl-xL knockdown, Rab7 protein was incsea as compared to the scramble
(Fig. 3.18 D). The knockdown of Bcl-2 did not caasey change in Rab7 expression, as

seen by Western blotting (Fig. 3.18 D). Thus, kmogkdown Bcl-xL leads to up-
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regulation of Rab7 and expansion of the late endes@ompartment. Furthermore, this
expanded endosomal compartment acts as a depd@Dad molecules, resulting in
impaired trafficking to the lysosomal compartmemthich is critical for antigen
presentation (3.19). The results indicate that umdemal conditions, Bcl-xL regulates
the endosomes and limits the size of the late ewdakcompartment. When Bcl-xL is
reduced, this regulation is lost, leading to uptagon of Rab7 and expansion of the late

endosomal compartment (Fig. 3.19).
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Figure 3.17: Reduced expression of CD1d in early dosomes after Bcl-xL
knockdown

(A) Confocal microscopy was used to analyze contraBd-xL knockdown L-CD1d
cells stained with antibodies against CD1d (redE&AL (green), a marker for early
endosomes. The lowermost panels show colocalizaticdD1d with EEA1, which is
indicative of its presence in the early endoson@mhgartment. As compared to the
control, Bcl-xL knockdown cells show less localipat of CD1d with EEA1 (yellow).
(B) Quantification of CD1d and EEA1 colocalization scramble control or Bcl-xL
knockdown cells
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Figure 3.18: Increased Rab7 expression and accumtilan of CD1d molecules in the
late endosomes following Bcl-xL knockdown

(A) Confocal microscopy was used to analyze controBcl-xL knockdown L-CD1d
cells stained with antibodies to CD1d (red) and R@iyeen), a late endosomal marker.
Following Bcl-xL knockdown, there is increased sitag of Rab7 (green). (B)
Quantification of Rab7 staining based on pixel namim scramble control or Bcl-xL
knockdown cells. (C) Quantification of colocalizait of CD1d and Rab7 in scramble
control or Bcl-xL knockdown cells. (D) Western llog shows that Rab7 protein is
upregulated following Bcl-xL but not Bcl-2 knockdawupper panel) and GAPDH is
shown as the loading control (lower panel).
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Figure 3.19: Proposed mechanism by which Bcl-xL raegates CD1d-mediated
antigen processing and presentation

Under normal conditions, CD1d molecules trafficotigh the early endosomes, late
endosomes and finally the lysosomes, where theylaa#ed with antigens and re-
expressed on the cell surface. In Bcl-xL knockdaetls, there is a decrease in CD1d
molecules in the LAMP1 compartment (lysosomes or MIIC). Furthermore, Rab7
upregulated and there is expansion of the late sardal compartment. This results in
the accumulation of CD1d molecules in the late sndwes. Thus, the data from this
study show that Bcl-xL plays a role in the reguatiof CD1d-mediated antigen
presentation to NKT cells by altering CD1d traffiogs through the endocytic pathway.
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3.3 Discussion

In this study, we have shown that the over-expoessif Bcl-xL in antigen presenting
cells leads to increased activation of NKT cellgy(B.2 and 3.4). The induction of Bcl-
xL in a B cell lymphoma cell line, as well as irirpary mouse B cells by treatment with
anti-CD40 antibody, led to increased NKT cell aation (Fig. 3.6 and 3.8). Interestingly,
following the induction of Bcl-xL in primary mousB cells, we saw significantly
increased IFN¢ levels, while IL-4 levels were unchanged (Fig.BB.&8nd C). We have
previously described the important role of IFNR anti-tumor responses in Section 1.9.
The results from Fig. 3.8 further emphasize theuwahce of our discovery that Bcl-xL is
involved in the regulation of NKT cell activatiomn the context of lymphoma, the
expression of Bcl-xL can potentially drive high NKCEIl activation and induce IFN-
production. Such a Thl-biased response could bielyhlgeneficial in this setting and

make NKT cell activation a highly effective meandbost anti-tumor immunity.

In contrast to the overexpression or induction of-B., pharmacological inhibition or
shRNA mediated knockdown of Bcl-xL led to decreasaétigen presentation to NKT
cells Fig. 3.10 and 3.14). Surface CD1d expressiaa unchanged after Bcl-xL over-
expression, induction, inhibition or knockdown. Téfere, we hypothesized that Bcl-xL
regulates the intracellular CD1d-mediated antigestg@ssing and presentation pathway.
In line with this, we found that following Bcl-xLrockdown, CD1d molecules were
reduced in the LAMP1 compartment (Fig. 3.16). There was Rab7 upregulasind

CD1d molecules accumulated in the late endosonrapadament (Fig. 3.18). Thus, we
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have identified a novel function for Bcl-xL in CD4dediated antigen processing and
presentation to NKT cells, that involves alteredfficking of CD1d through the
endocytic pathway (Fig. 3.19). We found that tharpiacological inhibition of Bcl-xL
and Bcl-2 by ABT-263 resulted in decreased antigesentation to NKT cells, as well
as classical CD4T cells (Fig. 3.10). However, the selective intidoi of Bcl-2 using
ABT-199 had no effect. It is important to note thBT-263 and ABT-199 are BH3
mimetics, and functionally inhibit Bcl-xL and/or B2 by binding its BH3 domain, and
preventing dimerization with other BH3 containingpfgins. This type of inhibition is
distinct from shRNA mediated knockdown which isim@e loss in Bcl-xL or Bcl-2
protein expression. We have discovered that althduagcking down Bcl-xL or Bcl-2
led to reduced antigen presentation, inhibitiorBoFxL and Bcl-2, but not Bcl-2 alone
led to reduced antigen presentation to NKT cellsis Buggests that Bcl-xL and Bcl-2
may be able to regulate antigen presentation bferdifit mechanisms. Our studies
indicate that Bcl-xL-mediated regulation is depemidapon the function of its BH3
domain and involves increased Rab7, and alterdéickiag of CD1d molecules through
the endocytic compartments. However, the abilityBof-2 to regulate CD1d-mediated
antigen presentation was not dependent upon BH3amemediated interactions, and
there was no evidence of Rab7 upregulation follgnitl-2 knockdown (Fig. 3.10 and
3.18). These findings highlight an important fuoofl difference between the

structurally similar Bcl-xL and Bcl-2 proteins.
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Our data demonstrate that the intracellular triififig of CD1d was altered following Bcl-
xL knockdown, and Rab7 expression was increaseg@redious study has reported a
direct interaction between Bcl-xL and Rab7 (181pwedver, we do not know if this
interaction is sufficient to explain the upregutati of Rab7 following Bcl-xL
knockdown. It is possible that Bcl-xL causes expamsof the late endosomal
compartment through an indirect mechanism, and upeegulation of Rab7 is a
consequence of this expansion. Further studies nexagal more intermediates through
which Bcl-xL mediates its regulation on CD1d-meddtintigen presentation. It is well
established that the antigen presentation pathWwegugh the endocytic compartments
requires trafficking through the low pH LAMP1ysosomal compartment or MIIC for
proper antigen presentation. The requirement foessory factors available only in the
MIIC, or the presence of inhibitory factors in ttete endosomes, can be a potential
explanation for the observed results. The involveined other enhancing or inhibitory
factors requires further investigation and can lea@n important advancement in our
understanding of the regulation of antigen presmmtgathways, ultimately resulting in
the development of strategies to modulate antigesgmtation not only in cancer but also
in any other setting where boosting of the immusponse is desired. This issue will be

further addressed using a gPCR array-based appro&iapter 5.
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Currently, there is great interest in using NKTI-telsed cancer therapy as a novel
strategy to improve available treatments (192).d®& in our laboratory have
demonstrated that as compared to healthy B cghlisphoma cells have altered CD1d-
mediated antigen presentation to NKT cells (159he finding that Bcl-xL regulates
antigen presentation to NKT cells is not only agodial mechanism of tumor recognition
by NKT cells, but can also have direct translatiomgact by allowing the development
of more effective NKT cell based anti-tumor immumertapy.Furthermorejn this study,
we present evidence that Bcl-xL can also regulafgige antigen presentation by MHC
class 1l molecules to classical CD# cells. This could potentially have an even large
impact on anti-tumor immunity and the tumor micreieonment, as CD4T cells play a
critical role in this context. In summary, we hdeeind that Bcl-xL plays a role in the
regulation of CD1d-mediated antigen presentatioNkd cells through alterations in
CD1d trafficking. Cells in which Bcl-xL expressiors reduced have high Rab7
expression and an expanded late endosomal comprtiies indicates that Bcl-xL has
more general effects on the endocytic pathway ewveler non-apoptotic conditions and
can change CD1d trafficking and affect antigen emégtion to NKT cells. Our study
reveals a novel function of Bcl-xL, which is a maj@arget for the development of

therapeutics (193), and may help in designing betteiunotherapy.
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Chapter 4: The role of NKT cellsin vivo in a mouse model

of mantle cell lymphoma

4.1 Introduction

Mantle cell lymphoma (MCL) is an aggressive non-gkid lymphoma that is known to
respond poorly to available therapeutics (194, 18B}L usually appears in patients in
their sixth decade of life and has a median suhtivege of 5-7 years. Patients undergoing
primary treatment show some remission but the selajate is high, and the disease
remains incurable. MCL can occur in its classidlastoid variant form with the latter
being much more aggressive and likely to occurannger patients. Blastoid variant
MCL portends poor prognosis and has a shorter mesiiavival time than classic MCL,
reported at 14.3 months (196). Genetically, MCL &haracterized by the
t(11;14)(q13;932) translocation which results ia #berrant expression of Cyclin D1 (6).
This translocation occurs in the pre-B cell stagerd) rearrangement of the IgH variable
region in the bone marrow. However, full neoplastate is attained at a later stage of B
cell differentiation and results in malignant maturaive B cells. Following the initial
translocation event, there are also secondary igeaeénts such as mutations in the
3'UTR, which result in a truncated form of CyclinlDiranscripts. These truncated
transcripts are missing microRNA binding sitesdlaeg to increased Cyclin D1 mRNA

stability, which further contributes to the overeagsion of Cyclin D1 protein (197).
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Contrary to the original notion that mature naivedls are the only players in MCL, as
evidenced by their CD5 and IgM/IgD status, therealso evidence for antigen
experienced B cells in this malignancy. Thus, destiie conventional notion that MCL
arises from mature pre-germinal center B cellsietle great cellular heterogeneity in the
disease. Cyclin D1 is considered to be at the carfteMCL pathogenesis due to its
ability to regulate the cell cycle and is heaviyied upon for diagnosis (194). However,
there is also evidence of patients lacking the gydegion of Cyclin D1 and this is
sometimes compensated for by CyclinD2 or 3, althotige patients clinically exhibit
regular MCL. Once Cyclin D1 expression is upregdathere is deregulation of the cell
cycle. This is because Cyclin D1 binds to CyclinpBedent Kinases (CDK) 4/6, which
results in the activation of the transcriptionattéa E2F due to phosphorylation of its
inhibitor retinoblastoma 1 (RB1). This leads to thetivation of CyclinE/CDK2 and
promotes entry into the cell cycle by facilitatibgnsition from the Gto the S phase.
The over-expression of Cyclin D1 alone was fountdeéansufficient for the initiation of
MCL in nude mice. However, the expression of a teatgform of Cyclin D1 that is
constitutively nuclear, was sufficient for transfation (198). The nuclear Cyclin D1
promotes entry of resting lymphocytes into the &gghof the cell cycle. This potentially
explains the dominance of mature naive antigen peeenced B cells in MCL.
Typically, MCL B cells are from primary folliclesrdrom the mantle zone of secondary
follicles. However, some patients exhibit evidenoé antigen experience and
hypermutated IgH variable region and this is ceterl with better clinical outcome

(199). The molecular characteristics of MCL resnlhigh genomic instability resulting
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in the deregulation of other factors involved il cgcle control, DNA damage response,
signal transduction and apoptosis. These secondanetic abnormalities further
accelerate MCL lymphomagenesis and increase itseagigeness. Important among
these are the PIBK/AKT/mTOR, WNT, Hedgehog, kB-and B cell receptor (BCR)

signaling pathways and are all targets for MCL dipgr

The deregulation of apoptosis in MCL is also anantgnt aspect and occurs through the
Bcl-2 family members. Malignant cells often overeegs Bcl-2, Bel-xL and Mcl-1 which
are all potent anti-apoptotic members of the B&uily (200-202). Consequently, there
is a lot of interest in inducing apoptosis by usengents that target the Bcl-2 family
members. One of the more successful strategiesbbas the use of small molecule
inhibitors like ABT-737 and its improved, orallydavailable form, ABT-263 which is in
clinical trials. These drugs functionally inhibihtaapoptotic members like Bcl-2 and
Bcl-xL by mimicking the BH3 domains that are imgont for protein-protein interactions
(Section 1.4) (203, 204). Despite the use of varistrategies like targeting secondary
pathways, trying to limit the expression of Cycldl, proteasome inhibitors, histone
deacetylase (HDAC) inhibitors and the apoptotihpatys, there is still a strong need for
improvement. In spite of the use of multiple apples to treatment, MCL remains
incurable. The treatment of MCL is further complezh by the high genomic instability,
involvement of apoptosis and proliferation pathwaysl the complicated role of the
microenvironment, underscoring the need for alt&raaherapeutic approaches that are

more effective or can be used in conjunction withrently available therapies (194). In
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this situation, understanding the immune respoadd@L can be very beneficial in the
development of innovative strategies that not datget malignant B cells but also help
in activating the immune system. A previous studg heported that using-GalCer
loaded autologous tumor cells was successfully wisddeat an E-Myc lymphoma in
mice (205). In this setting, the adjuvant effectoeGalCer is important in driving the
anti-tumor response, since early NKT cell activatibelps to rapidly polarize the
cytokine milieu to Thl and favor effective anti-tamimmunity. This adjuvant effect of
NKT cell activation bya-GalCer and its analogues is known to be effedtivieacterial,
viral and parasitic infections, as well as in car(&ection 1.9). In this study we sought to
determine the role of NKT cell activation using ggaous antigen on the progression of

MCL-BV in a spontaneous mouse model.

NKT cells are known to be reduced in number andtion in cancer patients (97, 142,
159). However, little is known about the cause afi@ct relationship between the
disease and NKT cell number. Furthermore, littlenewn about the role of NKT cells in
an aggressive hematological malignancy like MCL. harefore studied the role of NKT
cells using a spontaneous mouse model of blasemdt MCL (MCL-BV), which was

first described in 2007 (154). This mouse modelML-BV is a double transgenic

mouse obtained from IL-I4and c-Myc transgenic mice.
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IL-14, also known as taxilin or high molecular wetigB cell growth factor (HMW-
BCGF) was originally identified from a Burkitt lychpma cell line (206). This 60 kDa
protein is encoded by the plus strand of ilid gene. In response to IL-14, B cells
showed increased size, expression of activatiokkensirand move from the resting phase
to the S phase of the cell cycle (207, 208). ILisl4 growth factor for germinal center B
cells, B1 cells and may also help to expand subsfeteemory B cells (209). IL-14
transgenic mice express IL-14 in the B cell comparit under the £ promoter. At the
age of 14-18 months, 95% of these mice develop "COB19 Cyclin D1-negative
lymphomas (210). This lymphomagenesis is frequemticeded by the development of
autoimmunity, similar to human Sjogren’s syndrom#hwdetectable autoantibodies,
sialadenitis and immune complex mediated neph@is.the other hand |EMyc mice
also develop lymphoma at 12 months of age (211).udé&xl IL-14. and c-Myc double

transgenic mice (DTG) to understand the role of Ni€lls in this disease.

The IL-14a/c-Myc double transgenic mice (DTG) develop lymplaowithin 3-4 months
of age (154). The disease is clinically similarhioman MCL. DTG mice at this age
typically exhibit splenomegaly and lymphadenopatHistologically, loss of lymphoid
architecture can be visualized by H&E staining pfemic sections as the disease
progresses. Immunohistochemically, disease is leis#s high Cyclin D1 expression

concomitant with the loss of lymphoid architecturepleen sections.
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4.2 Results

Treatment of DTG mice widrGalCer improves survival

We wanted to test the ability of NKT cells to impeathe outcome of MCL in DTG mice.
We have recently shown that DTG mice with seveseaie show reduced NKT cell
responses (159). We therefore wanted to test {eeofd\NKT cells upon activation by an
exogenous antigen. Our previously report has shinanhNKT cell function in DTG is
reduced at around 10-15 weeks of age, when test@d/o(159). This correlates with the
development of disease as seen by splenomegalyyaqphadenopathy. We sought to
study the effect of treatment withGalCer at a point when these mice have developed
MCL, but do not show visible splenomegaly, and th&KT cells are still functional.
Therefore, DTG mice at 8 weeks of age were treaiddvehicle alone (n=11) or with 2
ug of a-GalCer (n=10) (Fig. 4.1). The-GalCer was injected i.v. and animals were
monitored closely for symptoms of disease. Litteéemeaontrols were used for each
experiment. After a single injection, mice werehautized 6-8 weeks after treatment.
Animals that showed disease-related symptoms likereased size due to
lymphadenopathy, difficulty breathing, reduced nmoeat and poor responsiveness were
euthanized along with the remaining animals ingkgeriment. For survival curves, mice
that exhibited symptoms mentioned above were censitterminal while mice without
such symptoms were counted as viable. We foundwtiaicle treated mice were more
likely to show overt symptoms of MCL and had toéghanized when compared with
their a-GalCer treated counterpart§hus, following the treatment of littermate DTG

mice with a single dose ofGalCer, there was improved survival (Fig. 4.2).
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Figure 4.1: Schematic of experimental design for # treatment of DTG mice with

the NKT cell agonista-GalCer

8 week old DTG mice were treated with vehicle (0.R#SO in PBS) or Zig/animal of
a-GalCer in a single dose. 6-8 weeks after injectimice were euthanized and their
thymus, spleen, liver, lymph nodes and bone mamm@se removed and analyzed by
flow cytometry. Spleen sections were analyzed byEH®&aining and splenocytes were
used to tesex vivorestimulation of NKT cells.
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Figure 4.2: Treatment of DTG mice witha-GalCer leads to improved survival

8 week old DTG mice were treated with vehicle (0.R284SO in PBS) or 2ig/animal of
a-GalCer at 8 weeks of age. Mice were observed gldsee symptoms like enlarged
lymph nodes, difficulty breathing and reduced mibpilMice that looked normal and
showed normal mobility were considered viable wileee one or more of the above
symptoms were considered terminal. All experimevese performed using littermates.
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a-GalCer treated DTG mice show reduced splenomegalyd
lymphadenopathy

DTG mice are known to develop severe splenomegaty lgmphadenopathy at 3-4
months of age (154). We have previously found tN&T cells showed reduced
responsiveness tex vivostimulation when DTG mice have full-blown dised4&9).
General T cell stimulation using anti-CD3/CD2&% vivqQ also resulted in reduced
cytokine production during severe MCL (159). Instlstudy, we euthanized mice 6-8
weeks after injection ofi-GalCer and examined their spleens and lymph nodés.
found that following treatment with a single dost wGalCer, mice had reduced
splenomegaly and lymphadenopathy (Fig. 4.3). Wadahata-GalCer treated mice had
smaller spleens and lymph nodes as compared toviitgcle treated controls. These data
show that the activation of NKT cells by injectingsalCer leads to reduced progression
of MCL. Lymph nodes were smaller in treated mice casnpared to the controls,
however, the size was not similar to wild type midata not shown). We can therefore
conclude that MCL was not completely cured afteatiment witha-GalCer, but the

progression of this disease was stalled followhmegdctivation of NKT cells.
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Figure 4.3: Treatment of DTG mice with a single dos of a-GalCer leads to reduced

splenomegaly and lymphadenopathy
8 week old DTG mice were treated with vehicle (0.R28SO in PBS) or 2ig/animal of

a-GalCer. After 6 weeks, mice were euthanized armir tfA) spleens and (B) lymph
nodes were removed and photographed. One repragentd a total n=21. 10 mice

were treated witla-GalCer and 11 were vehicle controls.
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Treatment witlu-GalCer leads to reduced MCL pathology in the splee

The onset of MCL results in major changes in theep As the number and size of B
cell increases, B cell follicles can no longer lstidctly seen by H&E staining of spleen
sections. In MCL-BV there is also a large numbemaflignant blastoid B cells that are
larger in size and have densely packed chroma8iB)(1As MCL progresses, the loss of
splenic architecture can be clearly visualized amdntually, there is complete loss of
well-organized B cell follicles. Following treatmiesf mice witha-GalCer we used H&E

staining of spleen sections to assess MCL-relaé¢hlopogy. We found that mice treated
with a-GalCer showed improved splenic architecture aspeoed to vehicle treated

controls (Fig. 4.4). There was a reduced frequeridylastoid B cells in the treated mice
as compared to the controls (indicated by arrowsign 4.4). These data further support
the conclusion that treatment with an NKT cell agbstalls the progression of MCL-

BV. Previous reports have indicated that injectiaith o-GalCer can lead to reduced
NKT cell percentages in secondary lymphoid orgarg] their subsequent recovery.
Work in our lab has shown that DTG mice have redMKT cell function as the disease
progresses (159). We first determined NKT cell patages in the thymus, spleen, liver,
lymph nodes and bone marrow, 6-8 weeks after geetion ofa-GalCer. We found that

treatment withu-GalCer did not lead to any changes in NKT celkpatage in any of the

organs analyzed (Fig. 4.5). Two potential explamei for this are that either our
experimental design was successful at eliminativg lbss of NKT cells that usually

accompanies treatment; or the time period aftectign was sufficient for the recovery

of NKT cells.
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Figure 4.4: Treatment of DTG mice with a-GalCer leads to improved splenic
histopathology

8 week old DTG mice were treated with vehicle (0.2¥SO in PBS) or Zug/animal of
a-GalCer. After 6 weeks, mice were euthanized amit thpleens were removed. Spleen
sections were mounted and H&E staining was usetst@lize lymphoid architecture. One
representative of a total n=21. 10 mice were trbati#h a-GalCer and 11 were vehicle
controls. All experiments were performed usingefithates. Arrows show examples of
MCL-BV B cells.
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Figure 4.5: NKT cell percentages in various organafter injection of a-GalCer

8 week old DTG mice were treated with vehicle (0.R¥SO in PBS) or Zig/animal of
a-GalCer. After 6 weeks, mice were euthanized aedhlgmus, spleen, liver, lymph nodes
and bone marrow were processed into single ceflenssons. Flow cytometry was used to
determine NKT cell percentages as TCRD1dun-GalCer tetramércells.
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NKT cell activation in DTG leads to increased Ikdroduction

Previous studies have shown that the productidfigfy by NKT cells can have a major
impact on the outcome of anti-tumor responses (213). In fact this strong IFN-
response is thought to be important for the adjuweffect of NKT cell activating
antigens (Section 1.9). We therefore examined ffi¥eduction in splenocytesx vivoto
gain insight into the mechanism underlying the iowed disease outcome obtained after
treatment witha-GalCer. We obtained the splenocytes fretGalCer treated or control
mice and cultured themx vivofor 48 hours with or without-GalCer. We found that in
the absence a#x vivorestimulation, there was increased IfflW the supernatants from
the cultured splenocytes (Fig. 4.6 A). In vehidleated mice there was no detectable
IFN-y in the absence of exogenously added NKT cell antigHowever, splenocytes
from a-GalCer treated mice showed increased {FMsponse (Fig. 4.6 A). Upon the
addition ofa-GalCer to the culture, splenocytes from vehickatied mice showed some
IFN-y responses. Splenocytes fromGalCer treated mice showed a much stronger
response to antigen by producing larger amount&fy (Fig. 4.6 A). No differences
were observed in IL-4 production following treatrhewith a-GalCer in the presence or
absence of exogenously added antigen (Fig. 4.Gd% demonstrates that the injection
of a-GalCer favors IFN¢ and not IL-4 responses in this context. Theseltesudicate
that high IFNy production may be one of the mechanisms by whi€alCer mediates
its anti-tumor effect, although further studiesIvibe needed to fully understand the

details and main cell types involved in the ovettadirapeutic effect.
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Figure 4.6: Treatment of DTG mice with a-GalCer leads to increasedx vivo IFN-y

but not IL-4 responses
8 week old DTG mice were treated with vehicle (0.R¥SO in PBS) or Zig/animal of

a-GalCer. After 6 weeks, mice were euthanized amehsigytes were culturegk vivowith
medium alone or witha-GalCer for restimulation. (A) IFN-and (B) IL-4 in the
supernatant were measured by ELISA.
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4.3 Discussion

The IL-140/c-Myc DTG mouse model clinically recapitulates ramMCL. Patients with
t(11;14) translocation can be disease free fong tone before an increase in the number
of Cyclin D1 over-expressing B cells. Thus, simarhuman MCL, the DTG mice used
in this study develop MCL-BV spontaneously from ariging genetic modifications
which drive lymphomagenesis. DTG mice develop atreexely aggressive form of
MCL, i.e. MCL-BV as seen by gross pathology as wad histopathology. This
spontaneously driven mouse model is thus a usgétem to study endogenous NKT cell
responses during an aggressive hematologic malkgnadowever, like any model
system, it has some limitations. For example, thelda transgenic mice are on a
C57BL/6 background and c-Myc transgenic mice areaoh29 background, thereby
making the DTG mouse a mixed strain. This resultexperimental limitations as DTG
mice cannot be directly compared to wild type milieerefore, throughout this study we
have used littermate controls in all experimentse Top row of panels in Fig. 4.4 show
H&E staining of wild type spleen sections as a espntation of normal splenic
architecture and are not intended for direct compar However, the H&E staining from
untreated and mice treated witfGalCer are derived from littermates and can bectly
interpreted. Another caveat of the DTG mouse madig$ spontaneity. Although a good
representation of clinical lymphomagenesis, thisgsoexperimental problems due some

uncertainty in the timeline of expected diseasgmssion.
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In this genetically driven DTG mouse model of M@g evaluated the role of NKT cells
by treating mice with an NKT cell agonist. Treatrmetith a single dose af-GalCer was
sufficient to stall disease progression, improvesisal and reduce pathology (Fig. 4.2,
4.3 and 4.4). Furthermore, NKT cell percentageswet changed and their function was
enhanced by-GalCer treatment (Fig. 4.5). Splenocytes franGalCer treated mice
showed increased IFiNat baseline as well as afex vivorestimulation, as compared to
splenocytes from vehicle treated mice. This indisathat following treatment with-
GalCer, NKT cell function is increased at 6-8 wepkst treatment. Furthermore, there
was no change in IL-4 levels, showing that NKT adtivation in the context of this
disease favors IFN-production, which may further aid in mounting etfee anti-tumor
responses. It is interesting to speculate thatrotke# types may also be involved in
amplifying this IFNy response (214). As described in Section 1.9, NIellsccan
produce large amounts of IFNwhich can subsequently activate NK cells (Fig.).1.5
Activated NK cells can then produce more INforming a feed-forward loop. This
highly IFN-+y rich milieu can then help polarize CD8+ T cell pesses. In fact the
activation of CD4 T cells can also aid the IFfNproduction as well as the responses
mounted by CD8T cells. Once activated and in the presence df higN-y, CDS T
cells can mount strong anti-tumor responses andreathate direct cytotoxicity towards
malignant B cells. Thus, a single dose of NKT aadtivating antigen can stall the
progression of MCL, and other cell types are prdpahtical in achieving effective anti-
tumor immunity. The prediction from this would d®at getting rid of any of these cell

types would result in a partial reduction in theeall effect observed after NKT cell
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activation, although further studies in this expemntal model will be required to confirm
this. Thus, we hypothesize that NKT cells can ‘j@tapt’ the immune system by
providing a favorable cytokine environment for thetivation of other cell types which
can also mount effective responses. In an aggeedsamatological malignancy like
MCL-BV, and at a time when disease onset has ajrémfjun, the involvement of
diverse cell types can play an important role ihieang a favorable disease outcome.
Thus, a small lymphocyte population like NKT cetlan make a major difference in
shaping anti-tumor immunity and result in dramatmprovement in disease by

orchestrating an effective immune response.
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Chapter 5: gPCR array analyses of Bcl-xL knockdowrcells

5.1 Accessory factorsin Bcl-xL-mediated regulation of NKT cell activation

The results from chapter 3 have shown that Bcl-agutates CD1d-mediated antigen
presentation to NKT cells. The over-expressionnoluction of Bcl-xL led to increased
NKT cell activation. On the other hand, pharmacaalinhibition or shRNA-mediated
knockdown of Bcl-xL resulted in reduced antigen sergation. Furthermore, the
knockdown of Bcl-xL resulted in loss of CD1d mol&gifrom the LAMP1 lysosomal
compartment. Rab7 was up-regulated and CD1d ma@s@dcumulated in the Rabate
endosomes. We sought to further identify otherdiacthat may be involved in this Bcl-
xL-mediated regulation of antigen presentation kKTNells. We tested the expression of
a large pool of factors that are relevant to amtigeocessing and presentation using a
PCR array-based approach. This PCR array allowed test the expression of a diverse
set of molecules like cytokines, chemokines, cost@tory molecules and cell adhesion
molecules. We compared L-CD1d cells transduced wisitramble shRNA sequence or
with shRNA targeting Bcl-xL using this qPCR array, identify proteins that are
important in the Bcl-xL-mediated regulation of @etn presentation (Table 5.1). As
changes in chemokines, cytokines and adhesion miekcan significantly impact the
regulation of NKT responses by Bcl-xh vivo, this strategy can provide valuable insight
into what role this regulation might play in a rié spatio-temporal setting. Table 5.1
shows the gPCR array results and genes up or dguated by more than 2 fold have

been highlighted in bold typeface. The germs$2 and cd209athat encode for the
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cytokine GM-CSF and CD209 (DC-SIGN) respectivelyerav both highly upregulated
after the knockdown of Bcl-xL. Perhaps in normallszeBcl-xL plays a role in
suppressing the expression of these genes and pregulation of Bcl-xL during
lymphomagenesis may provide a mechanism of escapeinimune recognition.
Furthermore, CD209 is a C-type lectin receptor tizet recognize carbohydrate moieties
on pathogens and helps in internalizing antigert® hternalized antigens are then
targeted to the endocytic pathway through the earigosomes, late endosomes and
finally to the lysosomes, or MIIC. Thus CD209 helpsnake these antigens available for
cross-presentation (215, 216). We found that themdkine CCL2 and one of its
receptors CCR2 were also upregulated following»>cknockdown. This chemokine is
important in the recruitment of monocytes and ppshaven other cell types. The CCL2-
CCR2 interaction has also been implicated in mdewgp polarization (217). The gene
erbb2 which encodes HER-2 was found to be downreguldtdbwing Bcl-xL
knockdown is. Our g-PCR array data reveal a lagesfes that have important functions
in cancer. Further investigation will be needediébermine how the up/down regulation

of these genes by Bcl-xL may also play a role itigem presentation to NKT cells.
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Table 5.1: Dendritic cell and antigen presenting de gPCR array to study
changes in gene expression following the knockdowvari Bcl-xL in L-CD1d cells

Gene Fold Difference Fold Up- or Down- Regulation
shBcl-xL/Scramble shBcl-xL/Scramble
Ccl11 0.78 -1.28
Ccl12 1.69 1.69
Ccll7 0.54 -1.87
Ccl19 1.03 1.03
Ccl2 0.75 -1.34
Ccl20 1.21 1.21
Ccl3 3.1 3.1
Ccl4 1.28 1.28
Ccl5 0.64 -1.57
Ccl7 0.88 -1.14
Ccl8 0.98 -1.02
Ccrl 0.79 -1.27
Ccr2 2.18 2.18
Ccr3 1.28 1.28
Ccr5 1.28 1.28
Ccr9 0.96 -1.04
Cd1ld1l 0.73 -1.38
Cd1d2 1.94 1.94
Cd2 1.79 1.79
Cd209a 6.56 6.56
Cdz28 0.78 -1.28
Cd33 0.47 -2.14
Cd36 1.28 1.28
Cd4 0.69 -1.44
Cd40 1.06 1.06
Cd40lg 1.28 1.28
Cd44 0.64 -1.56
Cd74 0.48 2.1
Cd80 0.81 -1.24
Cd86 131 1.31
Cd8a 1.28 1.28
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Table 5.1 continue

Gene Fold Difference Fold Up- or Down- Regulation
shBcl-xL/Scramble shBcl-xL/Scramble
Cdc42 0.73 -1.37
Cdknla 0.39 -2.56
Clec4b2 1.28 1.28
Csflr 1.07 1.07
Csf2 7.4 7.4
Cxcll 0.95 -1.05
Cxcl10 0.7 -1.42
Cxcl12 1.41 1.41
Cxcl2 0.52 -1.92
Cxcrl 1.28 1.28
Cxcr4d 1.28 1.28
Erbb2 0.45 -2.24
Fas 1.01 1.01
Fcerla 0.97 -1.03
Fcer2a 0.71 -14
Fcgrl 0.62 -1.6
Fcgrt 0.69 -1.44
Flt3 1.45 1.45
Flt3I 0.87 -1.14
H2-DMa 0.95 -1.05
lcaml 0.67 -1.5
Icam?2 0.57 -1.75
Ifng 1.45 1.45
1110 1.28 1.28
l112a 0.58 -1.73
112b 1.28 1.28
1116 0.66 -1.5
112 1.28 1.28
116 0.76 -1.31
Irf7 1.97 1.97
ltgam 0.78 -1.28
ltgb2 0.57 -1.76
Lrpl 0.84 -1.19
Lyn 0.8 -1.25
Mif 0.59 -1.68
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Table 5.1 Continued

Gene Fold Difference Fold Up- or Down- Regulation
shBcl-xL/Scramble shBcl-xL/Scramble

Nfkbl 0.85 -1.18

Ptprc 1.28 1.28

Racl 0.77 -1.31
Ragl 2.14 2.14

Relb 1.26 1.26

Stat3 0.83 -1.21

Tap2 0.71 -1.4
Tapbp 0.77 -1.3
Tgfbl 0.61 -1.64
Thbs1 0.74 -1.36

Tirl 0.95 -1.06

TIr2 1.04 1.04

TIr7 1.14 1.14

TIr9 1.61 1.61

Tnf 0.72 -1.4
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5.2 A potential role for autophagy in Bcl-xL-mediated regulation of

antigen presentation to NKT cells

The word autophagy literally means ‘eating oneséltiring autophagy, cells engulf their
own components, as a response to nutritional defooiv or other stress signals. Cellular
organelles or parts of the cytoplasm are sequektere vesicles known as
autophagosomes. These autophagosomes then fuséysadomes and the sequestered
content is targeted for degradation (218). The pigteins play a major role in the
initiation, formation and expansion of the autoptsmgmes. Nutrition starvation or other
cellular stress signals such as temperature, radiat changes in osmolarity can trigger
the formation of the autophagic membrane (Fig. .5.3jgnaling pathways like
mammalian target of Rapamycin (MTOR) and PI3K cogwewith the autophagic
pathway, which is especially important in the aliagic response to metabolic stress.
Most autophagic stimuli involve the mTOR pathwagwever, hypoxia can also induce
autophagy, and this occurs through the autophagieip Beclin-1. As the Atg proteins
assemble, the microtubule-associated protein lighain 3 (LC3) is concomitantly
recruited (219). LC3 is lipidated with phosphatetjlanolamine and binds the membrane
of the autophagosome to recruit cargo for inclusmothe vesicle. This lipidation of LC3

is one of the most common ways by which autophagletected (220).
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Figure 5.1: Major steps and players in the autophag pathway

Cellular stress signals like nutrient starvationitiae the formation of the
autophagosome, usually through mTOR. Atg proteine aecruited and the
autophagosomal complex is formed. This membranaregto form a complete vesicle
and LC3 is concomitantly lapidated and recruitedisTautophagosome then matures
with the aid of Rab7 and fuses with the lysosomesMdC. Thus the autophagic
pathway converges with the endocytic pathway and cause alterations in antigen
presentation, especially by MHC class Il which aaded with antigens in the acidic
MIIC compartment (230).
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The Bcl-2 family members are integrally linked withe autophagic process. Under
normal conditions, Beclin-1 is bound to Bcl-2 thgbu BH3 domain-mediated
interactions. Hypoxia can induce BH3 containingteires that bind Beclin-1, and free it
from Bcl-2, to induce autophagy (44). Thus Bcl-8ds Beclin-1 and is generally thought
to be a negative regulator of autophagy (221). [&nhgi Bcl-xL is known to interact with
Beclin-1 through its BH3 domain (222). Bcl-2 and Bt also interact with the
autophagic protein Atg5. Truncated Atg5 translogateom the cytosol to the
mitochondrial, where it binds Bcl-xL and triggerpoatosis (223). In this way,
components of the autophagic system can feed hoapoptotic pathway, and this
crosstalk is facilitated by Bcl-2 family proteiriBhe regulation of Cd by anti-apoptotic
Bcl-2 proteins in the ER also influences autophagyce C&" flux is also an inducer of
autophagy (224). Bcl-2 family members regulate pliégy through multiple
mechanisms, and small molecule BH3 mimetics likeTAB7 also induce autophagy in
addition to apoptosis (225). The autophagic andeytt pathways converge to deliver
their cargo for lysosomal degradation. Consequentigny of the Rab family GTPases
are important in autophagy (226). Furthermore, Righimportant for the maturation of
autophagosomes (227). This helps to direct thephaigic cargo along microtubules and
deliver them to the lysosomes (228). The convergariche autophagic and endocytic
pathways can also impact antigen presentation (Z2@pphagy entails the engulfment
of cellular material and can deliver it to the ecytec compartments for presentation on
MHC class Il (or for cross-presentation on MHC sl§s(230). Autophagy plays a role in

the normal antigen processing and presentationyggthas Atg3 DCs show impaired
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antigen presentation (231). The downregulationutbhagy in DCs can also result in
poor DC maturation, as seen in the context HIVanhém (232). Autophagy plays a role
T cell development during the selection of CD® cells, and is important for the

induction of tolerance (233).

A large body of literature describes the role ofophagy in antigen presentation by
classical MHC molecules. However, little is knownoat the effect of autophagy on
CD1d-mediated antigen presentation to NKT cells1@inediated antigen presentation
resembles both MHC class | and I, and involves émelocytic pathway. Our data
demonstrate that Bcl-xL regulates this processefsihe important role that Bcl-2 family
members play in autophagy, it is plausible thagrations in autophagy are involved in
this regulation exerted by Bcl-xL. The observatibat Rab7 is upregulated following
Bcl-xL knockdown, could also be another potentiaication of autophagic changes.
Further investigation of autophagic markers carp iebse this out and improve our
understanding of CD1d-mediated antigen presentatibm initiate this work, we

performed some preliminary studies using a gPCRyato test the expression of
autophagy-related proteins. As in the previous igectwe compared L-CD1d cells

transduced with scramble sShRNA or shRNA targetiotp& (Table 5.2).
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Table 5.2: qPCR array to study changes in the expssion of autophagy-related
genes following the knockdown of Bcl-xL in L-CD1d ells

Gene Fold Difference FOIdRLéSIJgthwn'
shBcl-xL/Scramble shBcl-xL/Scramble
Aktl 0.97 -1.03
Ambral 0.94 -1.07
App 0.7 -1.43
Atgl0 0.82 -1.21
Atg12 0.84 -1.19
Atgl1611 1.01 1.01
Atg16I2 0.9 -1.11
Atg3 0.85 -1.17
Atg4da 1.09 1.09
Atg4b 0.81 -1.24
Atg4c 0.87 -1.15
Atg4d 1.02 1.02
Atg5 1 -1
Atg7 1.04 1.04
Atg9a 1.05 1.05
Atg9b 1.15 1.15
Bax 0.97 -1.03
Bcl2 1.02 1.02
Bcl2l1 0.35 -2.82
Becnl 0.79 -1.26
Bid 0.66 -1.52
Bnip3 0.88 -1.14
Casp3 1 -1
Casp8 0.97 -1.03
Cdknlb 1.2 1.2
Cdkn2a 0.8 -1.25
CIn3 0.77 -1.31
Ctsb 0.89 -1.13
Ctsd 0.73 -1.37
Ctss 1.76 1.76
Cxcrd 0.8 -1.25
Dapkl 1.04 1.04
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Table 5.2 Continuec

Gene Fold Difference Fold Up- or Down-
Regulation
shBcl-xL/Scramble shBcl-xL/Scramble
Draml 1.06 1.06
Dram2 1.09 1.09
Eif2ak3 0.89 -1.12
Eif4gl 0.97 -1.03
Esrl 0.42 -2.39
Fadd 1.13 1.13
Fas 1.42 1.42
Gaa 0.93 -1.08
Gabarap 0.78 -1.28
Gabarapll 0.87 -1.15
Gabarapl2 0.97 -1.03
Hdacl 1.18 1.18
Hdac6 0.91 -1.09
Hgs 0.93 -1.08
Hsp90aal 0.85 -1.17
Hspa8 1.09 1.09
Htt 0.72 -1.39
Ifng 0.98 -1.02
Igfl 2.09 2.09
Ins2 0.43 -2.31
Irgm1 1.07 1.07
Lampl 0.97 -1.04
Maplic3a 0.89 -1.12
Map1llc3b 0.93 -1.07
Mapk14 0.8 -1.25
Mapk8 0.93 -1.07
Mtor 0.84 -1.19
Nfkbl 0.84 -1.19
Npcl 0.95 -1.06
Pik3c3 0.96 -1.04
Pik3cg 2.79 2.79
Pik3r4 1.06 1.06
Prkaal 0.88 -1.13
Pten 1.28 1.28
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Table 5.2 Continued

Gene Fold Difference Fold Up- or.Down-
Regulation
shBcl-xL/Scramble shBcl-xL/Scramble
Rab24 0.94 -1.07
Rb1l 1.09 1.09
Rgs19 0.91 -1.1
Rps6kbl 0.91 -1.1
Snca 0.8 -1.25
Sgstml 0.8 -1.25
Tgfbl 1.03 1.03
Tgm2 1.15 1.15
Tmem74 0.65 -1.53
Tnf 1.05 1.05
Tnfsfl10 0.84 -1.19
Trp53 1.02 1.02
Ulkl 1.14 1.14
Ulk2 1.01 1.01
Uvrag 0.92 -1.09
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The table above shows that as expected, the eigmes$ Bcl-xL was reduced as
compared to the scramble control transduced dalishermore, there is no change in the
expression of Bcl-2. This confirms that we wereeatd selectively knockdown Bcl-xL
without any changes in Bcl-2 expression levelsnitbe results of this g-PCR array, we
did not see changes in any of the Atg proteinsetesHowever, we found that the
expression oésrlwhich encodes the estrogen receptor 1 (ER1)ims®iwhich encodes
Insulin Il was downregulated by more than 2 folesh e other hanayf1 which encodes
the insulin-like growth factor 1, andik3cg which encodes PI3lkk-were upregulated
following Bcl-xL knockdown. Changes in autophagyedio Bcl-xL knockdown in our
system will have to be further studied by LC3 Igtidn and confocal microscopy. This
will allow us to definitively determine if there@any autophagic changes in the cells and

aid in elucidating its role in the regulation otigen presentation.
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Chapter 6: Further discussion and future directions

6.1: The role of Bcl-xL in CD1d-mediated antigen presentation to NKT

cells

In Chapter 3, we have exhaustively shown that tbdufation of Bcl-xL leads to altered
NKT cell responses. More specifically, we foundttimcreasing the level of Bcl-xL by
overexpression or induction led to a correspondimgease in CD1d-mediated antigen
presentation to NKT cells (Fig. 3.2, 3.4, 3.6 an8)3We found that inhibition or
knockdown of Bcl-xL led to a corresponding decreimsantigen presentation (Fig. 3.10
and 3.12). We have also shown that this regulasapoptosis-independent and CD1d-
dependent (Fig. 3.5 and 3.11). Thus we have idedti& novel role for Bcl-xL in the
regulation of antigen presentation to NKT cellsorrprevious studies in the lab, we
know that NKT cells can specifically recognize M®Lcells as compared to healthy B
cells (159). We therefore hypothesize that the leggun of NKT cell activation by Bcl-
XL may constitute a mechanism underlying this redogn. An alternative possibility is
that the upregulation of Bcl-xL leads to over-stlation of NKT cells, causing loss in
number and function, which is observed during canEerther investigation will be
required to determine if this is a major pathwalpwing NKT cells to recognize and
respond to lymphoma B cells. Interestingly, theuictcbn of Bcl-xL in primary mouse B
cells led to increased IFNbut not IL-4 production by NKT cells. This may because

of the use of liver NKT cells in our studies, asstBubset of NKT cells is known to
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mount strong anti-tumor responses and has a highgortion of IFNy-producing

NKTL1 cells (109). Although the precise mechanismthe skew remains unknown, the
observed responses are in line with our proposaubthgsis that NKT cells may
recognize lymphoma cells due to high Bcl-xL expi@ssand mount strong IFN-

responses against them. It will be interestingdae & this Thl bias is also observed if
splenic NKT cells are used instead of liver NKTIgelo determine if the cytokine bias is
driven by Bcl-xL-mediated regulation of antigen geatation, or by the inherent

properties of the NKT cells used.

Throughout our study of Bcl-xL in antigen preseioiatto NKT cells, we did not detect
appreciable changes in surface CD1d expressioneMenvthere were alterations in the
intracellular trafficking of CD1d. We found thatetirafficking of CD1d molecules to the
LAMP1" lysosomes, or MIIC was reduced following Bcl-xLdakdown (Fig. 3.16).
However, the LAMP1 MIIC compartment was intact, as seen by confodal@scopy.
We do not know if these CD1d molecules have bymhsse MIIC completely, or if
CD1d molecules pass through this compartment napi@ur steady-state confocal
analyses are insufficient to determine this andh&irrinvestigation will be required to
understand the precise mechanism underlying tleeedlttrafficking of CD1d molecules.
We further wanted to understand how this alterechaoellular trafficking affects NKT
cell activation. The low pH MIC compartment is astthct cellular organelle that
facilitates antigen presentation by classical MH&3g Il as well as CD1d. If follows then

that if CD1d molecules are reduced in the MIICgam presentation might be impaired
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due to a lack of accessory factors like saposinglwfacilitate lipid antigen processing
and presentation by CD1d (234). Alternatively, avreccessory factor present in the
MIIC might be the reason underlying the reducedgent presentation following Bcl-xL
knockdown. To further explore this possibility, wenducted gPCR array analyses and
found changes in the expression of CD209, a maedalolved in delivering
carbohydrate-containing antigens to the endocyéthway and eventually the MIIC
(216). As NKT cells recognize glycolipid antigentswill be interesting to further study
this molecule to determine if this receptor mayypéa role in delivering glycolipid

antigens to the MIIC for loading on to CD1d molessul

We also found that similar to CD1d-mediated antigessentation, antigen presentation
by MHC class 1l to classical T cells was also restlitollowing Bcl-xL knockdown (Fig.
3.12). We have shown that Bcl-xL can regulate th#fitking of CD1d molecules to the
MIIC. We would therefore predict that the traffingi of HLA-DR to the MIIC would be
similarly reduced. Further investigation will bequired to test this hypothesis and
ascertain the mechanism by which Bcl-xL affects MHfass I[I-mediated antigen
presentation. Since antigen presentation by bothdC&hd MHC class Il were reduced
after Bcl-xL inhibition, we hypothesize that alteoas in trafficking to the MIIC are
responsible for the observed effects. We do notkiidhe reduced trafficking of CD1d
and MHC class Il molecules to the MIIC leads toeardase in antigen presentation due
to the unavailability of a common accessory fapi@sent in the MIIC, or distinct factors

that affect either CD1d or MHC class Il.
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We have discovered that the knockdown of Bcl-xL ¢eed to reduced CD1d in the
lysosomes (Fig. 3.16). Lysosomes are important pdlrveellular organelles involved in
the degradation of cellular components (235, 236g lysosomes also contain a large
number of enzymes that help degrade the nucledsadarbohydrates, proteins and
lipids. Lysosomes also play an important role iign presentation, apoptosis and
autophagy (235). Perhaps, similar to CD1d, thefitkahg of other molecules to the
lysosomes may also be reduced following Bcl-xL Kemwvn. Alternatively, the
observed effect of Bcl-xL might be a ‘side-effeof’ its anti-apoptotic role. The loss of
lysosomal integrity is a part of the cellular apmjut response and Bcl-xL can inhibit this
by preventing the cleavage of Rabaptin-5, an affegirotein found in the early
endosomes (180). This indirectly blocks endosomsioh and breakdown of the endo-
lysosomal network. Alternatively, it will be intesting to study the effects of other

lysosome-related pathways on NKT cell activatiandescussed below.

Autophagy is a process that is intimately linkedtiie endosomes and lysosomes. The
autophagic process, described in Section 5.2,set¢s the endocytic pathway to target
the contents of the autophagosomes to the lysostomekegradation. Bcl-xL and Bcl-2
are generally considered inhibitors of autophagye ¥dn therefore deduce that as the
knockdown of Bcl-xL leads to decreased antigen earigion, it would concomitantly
cause increased autophagy. This increased autopheyy be responsible for the
expanded late endosomal compartment observed o @18). Thus, the possible

existence of essential accessory factors descabede, may be one or more components
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of the autophagic machinery. Our gPCR array analysee yielded some preliminary
data, but further investigation will be needed tdlyf understand if the autophagic
pathway is involved in our observed results (Tablg). Further studies using the
traditional method of detecting LC3 lipidation, Wwhelp shed light on this matter.
Specific modulation of the autophagic pathway bletileg or overexpressing autophagy

drivers will help dissect their role in CD1d-meddtantigen presentation.

Our studies from Chapter 3 have revealed that RabTate endosomal protein is
upregulated after Bcl-xL but not Bcl-2 knockdowng(R3.18). We propose that this leads
to accumulation of CD1d molecules in the late enduss. However, we do not know
whether the expansion of the late endosomal commeaittis a cause or a consequence of
Rab7 upregulation. The study by Vento and colleadues shown that Bcl-xL directly
interacts with Rab7 using tandem affinity purificat (181). Although we have
conducted some preliminary coimmunoprecipitationdss, further efforts will be
needed to obtain conclusive results. These expatsneill allow us to determine if the
interaction between Bcl-xL and Rab7 seen usingnigyfi chromatography can be

reproduced using cell lysates from our system.
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6.2 NKT cell responsesin a mouse model of severe mantle cell lymphoma

A previous study by Mattarollet al. has shown that NKT cell activation can boost anti-
tumor immunity to B cell lymphoma (205). In thisudy, the authors transplanted tumor
cells from Ep-Myc mice, and treated with autologtwsor cells loaded with-GalCer.
This study showed that the activation of NKT cdilg a-GalCer resulted in reduced
tumor growth and long-term protection against lympla. The effect was attributed to
NKT, NK and CD8 T cells. IFNy and IL-12 as a driver for IFN-were the main
components of the immune response. The authordudtettthat a large systemic level of
IFN-y afforded protection in the treated mice. This wsulpports the notion that an NKT
cell activating antigen used as an adjuvant cath tean effective IFN~dominated anti-
tumor immune response. Data from our study destribeChapter 4 are in agreement
with these findings; however our system differgrirtheirs in two main aspects. Firstly,
our DTG mouse model is a spontaneous mouse mod&@d-BV. Secondly, we used
the NKT cell agonista-GalCer alone and not as an adjuvant. Thus, weetiean
aggressive hematologic malignancy with a singleedufsx-GalCer alone and were able
to see improved survival and splenic histologywesdl as reduced splenomegaly and
lymphadenopathy. We noted high IFNevels but not IL-4 following treatment of mice
with a-GalCer. Thus, contrary to Bjorda#l al, but in agreement with Mattarolkt al,

we found that NKT cell activation boosts IFNresponses and mediates anti-tumor
immunity (146, 205). It is also interesting to ndteat our investigation on Bcl-xL
showed an increase in IFNresponses, which further supports a role for pincgein in

eliciting protective NKT cell immune responsesymphoma.

124



6.3 Ascertaining the role of NKT cellsin vivo in a mouse model of mantle

cell lymphoma

The results from chapter 4 showed that the stinmrabf NKT cells by injectinga-
GalCer led to improved disease outcome in l/t4Myc double transgenic (DTG)
mice. We found that treatment with a single doseNKIiT cell agonist can cause stall
disease progression, even in an aggressive sponismneodel of blastoid variant mantle
cell lymphoma. These results show that even a shpadphocyte subpopulation can
cause drastic effects by potent modulation of tmeniune response. We found that
following teratment withu-GalCer, there were increased IfNesponses in splenocytes
at baseline, as well as aftex vivorestimulation witha-GalCer. This demonstrates that
NKT cell play a strong protective role in mantldl ¢gmphoma, and this effect involves
IFN-y secretion. With these promising results, we plarditectly confirm the role of
NKT cells in this disease model by generating CODIG mice (Fig. 5.2). This study is
currently in progress, and involves crossing thel4h transgenic mice on to a CD1d
background. c-Myc transgenic mice will be crossedma CD1d background. Finally,
the IL-14x transgenic CD18 mice will be crossed with c-Myc transgenic CD1ohice

to obtain CD1d DTG mice. These DTG mice will completely lack NK&lls, and will
be instrumental in definitively determining the @obf NKT cells in mantle cell
lymphoma. These CDYdDTG mice will be thoroughly immunophenotyped, ahdir
disease progression will be monitored from onsedrtd stage, to determine mantle cell
lymphoma pathogenesis in the absence of NKT calls hypothesize that CD1dDTG

mice will show more rapid disease progression aodcwnb to this aggressive
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hematological malignancy. Based on our results fase@alCer injection, we also expect
that mice will show lower survival and exacerbatestopathology in the spleen. An
assessment of IFM-production by T cells and NK cells can also hedptést our

hypothesis that NKT cells boost an IFNpositive feedback loop involving other cell

types and fortify anti-tumor responses.
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CDh1d-/- IL-14a ¢-Mye CD1d-/-

l l

IL-14a; CD1d-/- c-Myc; CD1d-/-
N 4 ' ®

IL-140; c-Myc; CD1d-/-
CD1d-/- DTG

4

Figure 5.2: Generation of the CD1d" DTG mouse, a model for spontaneous mantle
cell lymphoma in the absence of NKT cells

IL-140. transgenic mice will be crossed with CDlehice. c-Myc transgenic mice will
also be crossed with CDIdnmice. IL-14x; CD1d” and c-Myc; CD1d mice will then be
crossed to obtain CDTdDTG mice. These DTG mice will have the genetivelrs for
MCL, and will also lack NKT cells due to the losé @D1d. This model will help to
confirm the role of NKT cells in an aggressive héwtagical malignancy like MCL.
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5.4 Significance and implications

In this study, we first identified a novel role f&cl-xL in CD1d-mediated antigen
presentation to NKT cells. We then found that altieintracellular CD1d trafficking was
involved in this regulation. This novel regulatgrgthway involving Bcl-xL may allow
NKT cells to recognize lymphoma cells, which exgrégh levels of Bcl-xL. Thus, the
up-regulation of Bcl-xL as a means to evade apaptsignals, may actually make
lymphoma cells more visible to the immune systearhBps, as cells increase the levels
of anti-apoptotic proteins like Bcl-xL, their albylito present antigens increases, and they
can be readily recognized by NKT cells. NKT cellsid¢hen mediate direct cytotoxicity
or cytokine responses, and facilitate their elirtiora It can be hypothesized that such a
mechanism allows the host to detect and destroygnaaitly transformed cells and
remain disease free. Thus, the appropriate redogrof lymphomas and the activation of

NKT cells, may be an important part of anti-tummmunity in healthy individuals.

However, an alternate possibility is that the hegtpression of Bcl-xL drives antigen
presentation, and subsequently results in exced$iVE cell stimulation. It is already

known that NKT cells are reduced in cancer pati¢ht2, 159, 237). We also recently
reported that NKT cell function is reduced followithe development of lymphoma in
DTG and c-Myc transgenic mice (159). It is therefgulausible that the increased
expression of Bcl-xL results in the over-stimulatiaf NKT cells. This can lead to anergy
or activation-induced cell death in NKT cells, exiping their loss in number and

function during cancer.
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Studies using the DTG mouse model of mantle celplyoma have shown that treatment
with a single dose of NKT cell activating agonistncstall disease progression. This
implies that NKT cells play a protective role insthdisease. Upcoming studies using
CD1d" DTG mice will help to confirm the role of NKT cell This means that NKT cells
may provide a new avenue for treatment of an iraaraighly recalcitrant disease like
mantle cell lymphoma. In the context of currentdgts on the translational application of
NKT cell agonists, this work will help realize tigeal of novel therapy in a disease that
greatly needs such advancement (152). In factWkéb lab has recently published a
method for the rapid assessment of NKT cell fumctising quantitative PCR. This
method can facilitate the screening of patientslémtify good candidates for NKT cell-
based therapy (142). A strong fundamental undeastgrof NKT cell biology, and the
development of strategies for the effective modoiatof NKT cell functions, are

together paving the way for the therapeutic usdkT cells in the near future.
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Summary

Our studies on CD1d-mediated antigen processingeggkntation have revealed a novel
regulatory role for Bcl-xL in NKT cell responses.eMfbund that the over-expression or
induction of Bcl-xL led to increased NKT cell reses. On the other hand,
pharmacological inhibition or knockdown of Bcl-xed to reduced NKT cell responses.
Importantly, we demonstrate that the inhibition Bdl-xL using small molecule BH3
mimetics, also resulted in reduced MHC class Il-atedl antigen presentation to
classical CD4 T cells. We present evidence that this regulatibantigen presentation
by Bcl-xL was CD1d-dependent and apoptosis-independ-urthermore, surface CD1d
expression was unchanged following the modulatio€D1d, although the intracellular
CD21d localization was altered. The knockdown of-Blclled to loss of CD1d molecules
from the LAMPI compartment. Rab7 was upregulated, and CD1d mleecu
accumulated in the late endosomes. Together thik wlemonstrates that Bcl-xL
regulates CD1d-mediated antigen presentation to K&IE by altering CD1d trafficking
through the endocytic pathway.

In vivo, using a spontaneous mouse model of blastoidntamantle cell lymphoma, we
have shown that the activation of NKT cells by ag# injection ofa-GalCer was
sufficient to stall disease progression. Treatathals showed reduced splenomegaly and
lymphadenopathy compared to their untreated cant@plenic histopathology was also
dramatically improved. Finally, strong IFN+fesponses were observed in splenocytes
from mice treated withu-GalCer, indicating that this might be a possiblechanism

underlying the improved disease outcome that f@al®UCT cell activation.
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