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ABSTRACT
NKT cells are significantly reduced in the blood of newly diagnosed breast cancer (BC)
patients compared to healthy volunteers (HV). We hypothesize that one mechanism by
which breast cancers escape immune detection is due to a loss in NKT cell number and
function. Therefore, we used mice genetically predisposed to develop breast cancer
(BRCA1-mut) to examine the phenotype and function of NKT cells throughout
tumorigenesis. We found that BRCA1-mut mice have a 70-85% reduction of NKT cells
in primary and secondary lymphoid organs, and that this reduction occurs in stage 3 of
development. Moreover, the NKT cells of BRCA1-mut mice are functionally altered. Thus,
our data suggest that NKT cells play a critical role in the development of breast
tumorigenesis and further research is required to determine the mechanisms by which NKT
cells are physically and functionally reduced in the absence of BRCA1.
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Introduction
Natural Killer T (NKT) cells are innate-like lymphocytes that express a semiinvariant αβ T cell receptor (TCR) restricted to recognition of self or foreign lipid
presented by the major histocompatibility complex (MHC) class I-like molecule, CD1d.
Similar to Natural Killer (NK) cells, these lymphocytes function within the innate
immune system by reacting quickly to stimuli and producing an array of cytokines and
chemokines to modulate an immune response 1. Unlike NK cells however, NKT cell
development is thymus-dependent, and their early developmental program is similar to a
conventional T cell. Also similar to conventional T cells, NKT cells rely on their TCR for
development and antigen recognition. However, unlike the TCR’s of conventional T
cells, which recognize a specific peptide antigen, a single invariant TCR of NKT cells
can react with numerous lipid antigens (self and foreign) 2. Thus, even though they are a
small population of cells, the number of NKT cells specific for one antigen may be large
and therefore have, physiologically, far-reaching implications. Despite their similarities
to NK and T cells, NKT cells are a distinct population, defined by their restriction to
CD1d.
Interestingly, there is a high degree of conservation of the NKT TCR and CD1d
molecule, which allows for cross-species reactivity. CD1d binds to self and foreign
glycolipid antigen at the acyl and lipid chains, which are buried within in the antigenbinding cavity, whereas the polar glycosyl head group protrudes from the CD1d cleft 3.
Correspondingly, the semi-invariant TCR of both humans and mice forms a positively
charged cavity that is centrally located and ideally suited to interact with the exposed
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glycosyl head group 4. This non-variability offers a hint at the importance of NKT cells in
the immune system.
NKT cells can be divided into two subsets, Type I and Type II NKT cells. Type I
NKT cells express a semi-invariant TCRα chain formed solely by the rearrangement of
the Vα14 gene segment (Vα24 in human) to the Jα18 gene segment. Co-expressed with
these α chains are a limited set of Vβ chains 2. Consequently, this subset is also known as
invariant NKT cells (iNKT). This subset is also highly reactive to α-galactosylceramide
(α-GalCer), and are often characterized by use of α–GalCer-loaded/CD1d tetramer
staining. Type II NKT cells are similarly CD1d-restricted, but differ in that they do not
express the semi-invariant TCR 5. Type II NKT cells utilize a larger repertoire of α and β
chains for TCR rearrangement, and are therefore often termed variant NKT cells (vNKT)
6

. This subset can be reactive to glycolipid antigens distinct from Type I NKT cells, but

also react with many similar antigens. Type II NKT cells are characterized by their
reaction to sulfatide, as well as by their presence in Jα18-/- (which allows for the
development of Type II, but not Type I NKT cells), but not in CD1d-/- (loss of all NKT
cells) mice 5. These methods are relatively recent advances for characterizing this subset,
and therefore much less is known about them.
In mice, NKT cells are found at the highest frequency in the liver (10-40%), and
at much lower numbers (usually <1%) in the thymus, spleen, bone marrow, lymph nodes
(LN), and blood 7. NKT cell distribution in humans is much lower (most often <1%) in
the liver and peripheral blood, but do show potent cytotoxicity towards tumors 2. The
significance of NKT inter-species differences has yet to be established. While they are
not numerous, NKT cells show a strong role in orchestrating tumor immune surveillance.
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Due to their unique properties, which are poised to influence a broad immune response,
their impact on the immune system has been demonstrated for the purpose of vaccination
strategies, transplantation, and anticancer immune responses 8. NKT cells demonstrate
both immune enhancing and immune suppressing roles. The broad effector functions of
NKT cells derives from the milieu of cytokines they rapidly secrete, which vary between
subtypes. When activated through recognition of antigen-CD1d complexes expressed by
antigen presenting cells (APCs), they have been shown to secrete Th1-type cytokines
including interferon (IFN)-γ and tumor necrosis factor (TNF)-α, Th2-type cytokines, such
as interleukin (IL)-4 and IL-13, as well as IL-2, IL-5, IL-6, IL-10, IL-17, IL-21,
transforming growth factor (TGF)-β, and granulocyte macrophage-colony stimulating
factor (GM-CSF) 9. The rapid production of cytokines (1-2 hours after TCR ligation)
seems to be due to a high storage capacity for cytokine mRNA 1. NKT cells are also
known to produce a variety of chemokines upon antigen recognition. NKT cells
upregulate IL-12 receptor (IL-12R) and CD40 ligand (CD40L) inducing the maturation
of dendritic cells (DCs), which in turn secrete IL-12 10. Moreover, the balance of signals
received by NKT cells are the determining factors for their phenotype, and survival or
death, and likely have important safeguards put in place to minimize their robust effector
functions. Thus, NKT cells bridge the innate and adaptive immune system through the
direct and indirect modulation of other cells of the immune system including T cells, B
cells, NK cells, macrophages, and neutrophils 11. Moreover, NKT cells have the capacity,
as their name suggests, to kill other cells directly (via perforin and granzyme, Fas-FasL
interactions, or by NKG2D and target-expressed stress ligand interactions, for example.
These aspects of NKT cell function will be covered in further depth below.
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NKT cell development
T lymphocytes and NKT cells derive from a common T cell precursor, but their
developmental program diverges from conventional T cells at the double-positive (DP)
stage, concurrent with αβ TCR expression. Within the common T cell progenitor pool of
the thymus, the rearrangement of Vα14-Jα18 and its expression is believed to be a
random event, with invariant TCRs forming at a low frequency and with late onset (as a
function of their location in the locus) 12. Positive selection occurs upon ‘stronger than
normal’, invariant TCR recognition of self-lipid/CD1d complexes expressed not by
thymic epithelial cells, but by homotypic interactions with other DP cortical thymocytes
13

. An agonistic TCR signal, along with co-stimulatory receptors of the SLAM family

(Slamf1 and Slamf6, most importantly), is associated with the upregulation of early
growth response protein (Egr)-1 and, especially, Egr-2 13. Egr-2 has been shown to bind
Stages of NKT cell development
Cytokine
Cell surface markers

Intrinsic markers
production

CD24+, CD69+, CCR7+,
Egr2+, SAP

Stage 0
Slamf1, Slamf6
IL17Rβ+/-, CD4+/-, CD40L,

PLZF

Stage 1
CD44lo

Stage 2

Stage 3

hi

CD44 , NK1.1

RORγt (NKT17),

IL-17, IL-22,

GATA3 (NKT2)

IL-4, IL-13

Tbet (NKT1)

IFN-γ, IL-4

-

CD44hi, NK1.1+, IL-2R, CD69

Table 1. Stages of NKT cell development
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directly to, and activate, the promoter of Zbtb16, which encodes promyelocytic zinc
finger protein (PLZF)—the master transcription factor of NKT cells 14, 15, 16. After
positive selection, NKT cells can be characterized as CD24+ CD69+ cells that express
high levels of Egr-2, and are considered Stage 0. As NKT cells continue to mature, they
begin to downregulate CD24 and CD69, express high levels of PLZF, and actively
proliferate (Stage 1). The decision to become any of the major NKT cell subtypes (e.g.
Th1-like, Th2-like, and Th17-like) likely occurs at or before this stage 12. Accordingly,
these stage 1 cells then acquire a memory-like CD44+ phenotype, defined as stage 2, and
within this stage are a variety of iNKT cell subpopulations, most of which are CD4+ or
CD4-CD8- (double negative; DN) and develop into the three major subtypes. First of the
NKT subsets are Th1-like NKT cells, which cease proliferation, continue to express high
levels of CD44, acquire NK1.1, CD122, and T-bet expression, concurrent with the
downregulation of PLZF. These cells preferentially produce IFN-γ and other Th1-type
cytokines. Second, Th2-like NKT cells are known to retain PLZF expression, acquire IL17Rβ and GATA3 expression, and mainly produce anti-inflammatory IL-4 and IL-13.
This subset has been implicated in immunosuppression and regulation. Lastly, Th17-like
NKT cells are characterized by an upregulation of RoRγt, continued, intermediate
expression of PLZF, and expression IL-17 upon stimulation. Stage 2 NKT cells can
continue their maturation to stage 3, where they develop an NK-like phenotype within the
thymus, or exit the thymus and continue maturation in the periphery 12. The stages of
NKT cells development are usually simplified to stage 0: CD24hi CD44lo NK1.1-, stage 1:
CD24lo CD44lo NK1.1-, stage 2: CD24lo CD44hi NK1.1-, and stage 3: CD24lo CD44hi
NK1.1+. Refer to Table 1.
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The role of NKT cells in cancer immune surveillance
Cancer immune surveillance is an important process by which the immune system
is able to monitor, recognize, and eliminate nascent tumor cells. There are three essential
phases to this process termed elimination, equilibrium, and escape 17. Initially, innate and
adaptive immune responses are able to control tumor growth. In this phase, elimination,
acute inflammatory responses triggered by tumor-associated ‘danger signals’ initiates
tumor cell recognition, the secretion of proinflammatory cytokines (most notably, IL-12
and IFN-γ) and killing by innate immune cells (e.g. NK cells, NKT cells, DCs, and
macrophages). Furthermore, DCs begin to migrate to nearby LNs, where they present
tumor antigens and activate tumor-specific CD4+ and CD8+ T cells. These tumor-specific
T cells will then migrate to the tumor site and facilitate killing. At this point, tumor cells
are completely eradicated or resistant clonal variants develop. The clonal variants can
develop resistance either by decreasing their immunogenicity or secreting and recruiting
immunosuppressive factors. During this phase of equilibrium, if another cycle of immune
responses is unable to eliminate the nascent cancer cells, then the phase of immune
escape is reached, eventually leading to clinical manifestation 18. Together, these phases

An overview of cancer immunoediting.
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(elimination, equilibrium, and escape) describe the notion of cancer immunoediting
(Refer for illustration above). Tumors have developed multiple pathways to avoid
immune recognition, which include (but are not limited to): low immunogenicity (e.g.
altered regulation of MHC molecules type I/II or costimulatory molecules), tumor
antigens treated as self, antigenic modulation (which may alter the effectiveness of
monoclonal antibody (mAb) therapy 19), tumor-induced immunosuppression (e.g. TGF-β,
IL-10, indoleamine 2,3-dioxygenase (IDO) secretion), or extracellular matrix hindrance
20

. Proposed here is an increased immune tolerance of tumors due to a decrease in

immune surveillance caused by the loss of function and number of NKT cells due to an
aberrant breast cancer susceptibility gene (BRCA)-1 expression.
The role of NKT cells in anticancer immune surveillance is well established and a
few important findings highlight their role. First, in an important study, Molling et al.
determined that iNKT cells are decreased in cancer patients by up to 47% independent of
tumor type and load 21. In a separate study, it was found that NKT cells in cancer patients
that do persist seem to have impaired proliferative and functional responses even in the
presence of α-GalCer 22. These studies identified and outlined an important association of
NKT cells with anticancer immunity, but provided no direct causal link. Further studies
in mice and clinical findings would provide more direct evidence of their significance. In
one study of mice genetically prone to tumors caused by a heterozygous loss of p53,
NKT cell antitumor response evaluated by knockdown of the TCR Jα18 chain (iNKT
cells only) or CD1d (all NKT cell subsets) resulted in a higher cancer incidence, and
consequently shorter survival in comparison to wide type (WT) littermates 23. An
increase in tumor incidence was also shown in a similar study with Jα18-/- and CD1d-/-
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mice exposed to the carcinogen, methylchoanthrene (MCA). Furthermore, those same
carcinogen-exposed, NKT cell-deficient mice could be rescued by adoptive transfer of
liver-purified NKT cells, but not by T or NK cells alone 24.
In the clinical setting, one study found a reduction of NKT cell numbers in the
peripheral blood of patients diagnosed with head and neck squamous cell carcinoma.
Importantly, this study found significance in the 3 year overall survival (OS), diseasespecific survival (DSS), and incidence of metastasis in patients with a low, medium, and
high number of circulating NKT cells, with the lowest having the worst prognosis 21.
Several NKT cell-based immunotherapies are currently in clinical trials.

Indirect anticancer functions
Further mechanistic studies would provide insight as to how NKT cells promote
tumor rejection. The indirect, antitumor capabilities of NKT cells are shown in multiple
studies 25, where massive cytokine production allows for the downstream activation of
NK, CD8+ and CD4+ T cells, B cells, neutrophils, and macrophages, as well as in their
ability for cell-targeted lysis 26. To illustrate this, NKT cell activation by lipid/CD1d
complexes on APCs results in the expression of IL-12R and CD40L, permitting CD40
ligation on DCs and their subsequent maturation 27. Importantly, matured DCs produce
IL-12 causing the sustained, reciprocal activation of NKT cells and (depending on factors
mentioned below that balance NKT cell pro- or anti-inflammatory cytokine profile) the
further production of IFN-γ, as well as IL-2 28. IFN-γ produced by NKT cells leads to
activation of cytotoxic NK cells, which in turn are also potent producers of IFN-γ 26, 29.
Likewise, the IL-12, IFN-γ-mediated immune response by NKT and NK cells has been
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shown to be essential for the antimetastatic effect of α-GalCer 29. CD4+ and CD8+ T cell
responses to foreign antigen are markedly enhanced by iNKT cell interactions as well.
The effector response of single-positive (SP) T cells (i.e. CD4 or CD8) was demonstrated
to be enhanced by NKT cells interactions with DCs in a CD40/CD40L-dependent manner
10

. Importantly, it was also shown that iNKT cells enhance cross-presentation of DCs;

which in turn increases the CD8+ T cell response to exogenous foreign antigen—a highly
important feature for antitumor immunity 10. Additionally, macrophages have been shown
to interact with NKT cells. Kupffer cells of the liver 30, and subcapsular sinus (SCS)
macrophages in the LNs can present lipid antigen to NKT cells 31. Reciprocally, the
secretion of IFN-γ by iNKT cells also modulates the activity of macrophages by
enhancing phagocytosis and bacterial clearance 32. Finally, NKT cells and neutrophils
also interact; a fact that is not surprising given that both cell types are rapid responders to
infection. Consistent with this notion, NKT cells have been shown to play a key role in
recruiting neutrophils to sites of infection through secretion of chemokines (e.g. CXCL2)
1, 33

. Thus, the combination of cytokines (e.g. IL-2, IL-12, IFN-γ) produced from the

interaction between NKT cells and other immune cells, is sufficient to mount an effective
immune response, which can be greatly skewed towards cytotoxic and proinflammatory
(the immune suppressive and regulatory role of NKT cells will be discussed below).
Therefore, NKT cells bridge the innate and adaptive immune response and potentiate the
antitumor activities of other cytolytic immune cells through the production of Th1-type
cytokines and cell-cell interactions.
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Direct anticancer functions
Besides the aforementioned indirect functions, iNKT cells also wield direct,
cytolytic functions. NKT cells can actively mediate cytotoxic to a variety of tumor
targets, in addition their broad indirect anticancer functions. Studies show that iNKT cells
upregulate the expression of perforin and granzyme B, FasL, and NKG2D upon
activation 34. NKG2D is an activating receptor that recognizes ligands expressed in
response to cellular stress, infection, or transformation. iNKT cells degranulate (perforin
and granzyme B— both cytotoxic agents) in response to NKG2D engagement
independent of TCR-CD1d recognition, however, NKG2D has also been shown to act as
an agonistic costimulatory molecule to TCR cell activation 35. Additionally, iNKT cells
utilize the Fas/FasL pathway, which seems to have a large impact on cytotoxicity against
a variety of cancer targets, as well as NKT cells themselves 36, 37. Interestingly, the
Fas/FasL pathway has been implicated in NKT cell activation-induced cell death (AICD)
as a mechanism controlling their lifespan in vivo 38. TNF-related apoptosis-inducing
ligand (TRAIL) has also been demonstrated as a secondary mechanism of direct
cytotoxicity 39. Furthermore, NKT cell cytotoxicity has been shown to be associated with
CD1d expression on a variety of hematological malignancies, demonstrating a TCRdependent mechanism of killing 40, 41. Increased cytotoxicity in the TCR-CD1d pathway
is also correlated with the more potent antigens (e.g. α-GalCer demonstrated a higher
effector-to-target ratio) 32. NKT cells can enhance antitumor immunity, however, their
suppressive role in immune regulation has been investigated, and it is likely that
controlling this balance of NKT cell subtypes and phenotypes will be a defining factor in
effective NKT cell therapy.
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Role in anticancer immune suppression
Secretion of Th2-type cytokines (e.g. IL-4, IL-10), led researchers to examine the
potential effects of NKT cells in immune suppression. The mechanisms by which NKT
cells can be skewed towards a pro- and anti-inflammatory effector phenotype have been
extensively studied and were seemingly paradoxical, initially. It has become increasingly
clear that NKT cells respond differently under different circumstances due to their
heterogeneous phenotype and various subtypes, the influence of the microenvironment,
and the type of antigenic stimulation For example, α-C-GalCer (a modified analog of aGalCer with a carbon-based glycosidic linkage) has been found to impart a Th1-like
phenotype and IFN-γ secretion, while OCH—a sphingosine-truncated analog of αGalCer—preferentially induces a Th2-like phenotype and IL-4 production 7, 42, 43. Not
surprisingly, costimulatory molecules also play a major role in NKT cell polarization.
Inhibition of the CD28/B7 or the CD40/CD40L pathway by way of gene knockout and
anti-mAb treatment have been shown to reduce production of IFN-γ, indicating a role in
biasing a Th1 response 44, 45 46. On the other hand, the OX40/OX40L and T cell Ig
domain and mucin domain 1 (TIM) have both been implicated in skewing a Th2 response
47, 48

. The suppressive phenotype of NKT cells are mainly studied for their beneficial role

in autoimmunity (e.g. type 1 diabetes, graft rejection, immune privilege, airway
hypersensitivity), but their role in cancer cannot be ignored. As mentioned earlier, NKT
cells, along with DCs, are able to both initiate and polarize an anticancer immune
response49; however, depending on factors mentioned above, the NKT cell phenotype can
be pushed towards Th2-like (mainly secreting IL-4 and IL-13) and immunosuppressive.
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Initial studies of NKT cell immunosuppression and regulation showed differential
antitumor immunity of murine NKT cell subsets in MCA-induced sarcomas. CD4- and
CD4+ liver-derived NKT cells were administered separately to tumor-bearing TCR Jα18-/mice. Tumor rejection was only observed in the CD4- population, while the CD4+
population only partially slowed growth compared to PBS-injected control. Further
investigation in this study found that IL-4-/- mouse-derived NKT cells transferred to
B16F10 (metastatic melanoma cell line)-inoculated mice conferred protection and
decreased the number of lung metastases 50. This investigation supports the notion that
NKT cell subsets show varying levels of antitumor immune regulation and that the CD4+
subsets that produce IL-4 can enhance tumor immune evasion. Further studies of liver
malignancies in humans would support these findings, demonstrating that CD4- NKT cell
subsets produce lower amounts of Th2 cytokines, as well as IL-2, and show decreased ex
vivo cytotoxicity compared to the CD4+ subset 51. Consistent with these findings, in a
fibrosarcoma mouse model that shows a pattern of growth, regression, and then
recurrence, CD8+ T cell immunosurveillance was found to be suppressed by CD4+ cells.
Upon further investigation, the suppressive CD4+ T cells were CD1d-restriced NKT cells
secreting IL-13. IL-13 produced by these NKT cells were activating myeloid-derived
suppressor cells (MDSCs) to secrete TGF-β, which were responsible for CD8+ T cell
inhibition, and subsequent tumor recurrence 52.
More compelling evidence of NKT cell-mediated anticancer immunosuppression
to date have been in studies of the less well-characterized Type II NKT cells. These cells
do not express the semi-invariant TCR that Type I NKT cells do, but are CD1d-restricted,
and have a larger repertoire of reactive antigens. However, because Type II NKT cells do
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not respond to α-GalCer, they presently cannot be directly identified or quantified using
α-GalCer/CD1d tetramers. These technical limitations have hindered efforts to study
Type II NKT cells, thus far, and consequently, relatively less is known about the function
of these cells in immunity compared to Type I NKT cells. Many early studies failed to
differentiate between the NKT cells subsets, although, and attributed effector functions
(immunosuppressive or enhancing) to the heterogeneous NKT cell population as a whole,
making way for potential confounding factors. A comparative study of the tumor burden
between CD1d -/- and Jα18-/- mice using a panel of oncogenic cell lines demonstrated that
metastasis was similar between WT and Jα18-/- mice, while CD1d-/- mice, surprisingly,
conferred some protection 23. This protection in the absence of NKT cells all together
suggests that a portion of Type I NKT cells may have a minor immunosuppressive role,
which is probably due to the secretion of IL-4 concurrent with IFN-γ. Nonetheless, one
subset of NKT cells had dissimilar reactivity than the other. In a similar study, selective
stimulation of Type II NKT cells by use of sulfatide demonstrated significantly enhanced
growth of CT26 lung metastasis in Jα18-/- and WT mice, but was absent in CD1d-/- mice
53 54

. These investigations strongly suggest that Type II NKT cells are sufficient to

downregulate tumor immune surveillance alone, and that they may likely be the primary
NKT cell subtype that hinders anticancer immunity.
It should be noted, however, that in the context of this thesis, only a few NKT cell
subsets have been mentioned, while several more subsets have been recently identified
including Th9-like, Th10-like, Th17-like, and follicular helper-like NKT cells 12, 55.
Taken together, these findings suggest a major, and nontrivial, role of Type I
NKT cells in orchestrating an anticancer immune response. Further investigation into the
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role of costimulation and antigen stimulation in NKT cell subsets should offer a greater
understanding of the mechanisms that polarize the Th1- or Th2-type cytokine profile. It is
conceivable that through mastery of NKT cell modulation, broad effector functions
important for anticancer immunity (e.g. DC maturation and cross presentation,
enhancement of NK and CD8+ T cells cytotoxicity, suppression of MDSCs and tumorassociated macrophages) could be augmented through targeting of a single cell type.
Thus, the physiological ‘plasticity’ and wide-ranging impact of NKT cells make them an
attractive target in cancer immunotherapy.
As mentioned previously, however, NKT cells are numerically reduced and
functionally impaired in cancer patients 21. This thesis sought to uncover the causes of
reduced number and dysfunction of NKT cells in breast cancer, specifically, and examine
whether the loss of NKT cells is related to the weak immunogenicity of breast cancer.

Breast cancer
Breast cancer (BC) is the most frequently diagnosed cancer and the leading cause
of death in women worldwide, accounting for 23% of total new cancer cases and 14% of
cancer deaths 56. In the U.S. alone, there was 231,840 new cases of BC, and 40,290
deaths in 2015 57. While the death rate has been declining gradually for the past decade,
similar results are likely to follow for the next several years.

Stage and Grade
After a confirmed diagnosis, BCs are classified by stage and grade 58. Stage is
usually expressed on a scale of 0 through IV with increasing stages associated with larger
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tumors and/or more areas of the body affected by cancer. Stages are based on four
characteristics: size, invasiveness, LN status, and distant metastases. Stage 0 refers to BC
neoplasms that are non-invasive and have remained in their original location (i.e. in situ).
With each increasing stage, the tumor confined to the breast is larger (less than 2, 2-5, or
greater than 5 cm), and/or LN involvement has increased (1, 1-3, 4-9, greater than 9).
Stage IV refers to metastatic BCs that have spread beyond the breast and LNs to other
organs—often the lungs, liver, bone, and/or brain. A second method for classifying BCs
used by researchers is the tumor, node, and metastasis (TNM) staging system. It is
somewhat more simplistic, but ultimately is assigned a stage described above 59. Grade is
a measure of how abnormal tumor cells appear. There are three levels rated well
differentiated, moderately differentiated, or poorly differentiated. If the cancer cells
closely resemble normal cells and follow the growth pattern of healthy tissue, these cells
are more differentiated. Poorly differentiated cells grow quickly and in a disorganized
manner. Criteria used for determining grade are: area of the tumor forming tubular (milk
duct) structures, nuclear pleomorphisms, and mitotic count. The grade of a BC is usually
representative of its aggressiveness, so determining histological grade is often a defining
factor in treatment options 60.

Subtypes and molecular markers
Further classification relies on the evaluation of a patient’s molecular markers to
determine the status, and therefore, subtype of the cancer. Some molecular markers
demonstrate strong prognostic and/or predictive significance with a powerful clinical
impact. To define the two: prognostic markers intend to objectively project patient
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clinical outcome independent of treatment (e.g. OS, disease-free survival (DFS),
recurrence, etc.), while predictive markers seek to foretell the response of a patient to a
specific treatment. Therefore, identification of these biomarkers provides stratification of
the disease and more effective and personalized treatment options. The more established
molecular markers (estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor (HER) 2) are covered here, as well as some emerging
biomarkers and subtype classifications.
ER expression is likely the most important biomarker of BC to date. ER+ tumors
account for about 80% of all BCs and also provides a measure of sensitivity to endocrine
therapy. Because these tumors utilize estradiol and its receptor as their main mechanism
of uncontrolled growth, ER is often the target of therapy. Notably, endocrine therapy in
ER+ BCs reduces the annual death rate in these subtypes by 31% 61. ER- tumors would,
therefore, seemingly have worse prognostic outcomes; however, there is evidence that
ER- BC patients are more likely to achieve pathological complete response (pCR) than
ER+ patients 62.
PR expression is strongly correlated with ER expression with ER-PR+ tumors
occurring in less than 1% of all BCs 63. In these rare cases, endocrine therapy is still the
standard treatment due to findings demonstrating similar benefits to ER+ tumors. Overall,
treatment of PR seems to have strong prognostic value, but little predictive significance
61

.
HER2 is an oncogene that was first identified as a poor prognostic indicator in

patients. HER2-amplified BCs are often presented at a higher grade, and have an
increased likelihood of recurrence and decreased OS in patients. Targeting the HER2
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protein by the monoclonal antibody trastuzumab significantly increased the biomarker’s
predictive significance. Patients with a HER2 amplification occurs in about 15% of all
BCs, and derive substantial benefit in DFS and OS from anti-HER2 therapies 61, 64.
The most established BC subtypes have been labeled based on their molecular
marker status. Luminal A BCs are ER+ PR+ and HER2-, and have a relatively good
prognosis with a prevalence of about 24%. Luminal B BCs tend to be more aggressive
and are ER+ PR+ and HER2+/-, with a poor clinical outcome and a prevalence of about
39%. HER2 overexpressing BCs have a subtype of their own, and is covered above.
Lastly of the established subtypes are BCs that lack the three aforementioned molecular
markers and are termed triple negative BCs (TNBCs). This subtype is often perceived as
the most aggressive due to a poor prognosis and high grade. The prevalence of TNBCs is
about 12% and they are often treated with aggressive cytotoxic chemotherapy 65.
Identification of potentially new biomarkers for BC occurs relatively often, but
very few are ever sufficiently effective to merit clinical use. The most impactful and
relatively new biomarkers are the marker of proliferation—Ki67, Cyclin D1, and the use
of high-throughput technologies to create gene expression profiles of cancer to better
predict clinical outcomes 61. Recently, the immunogenicity of BC has been revisited in
genomic profiling and reclassification of many subtypes may be potentially useful.
Obviously, the degree of each therapies’ usage differs between patients, and
because there is a difference between patients, more personalized immunotherapeutic
methods should offer significant advances in OS. Recently, much research has focused on
the molecular reclassification of BC subtypes based on immunity-related genes (IRGs) in
addition to the conventional intrinsic subtypes mentioned above. A gene expression
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profiling study found that in a panel of 58 HER2-amplified BCs that these tumors could
be further subdivided into three subgroups with significant differences in prognostic
outcome. Importantly, one cluster had a high invasive ability and low immune response,
and also correlated with the worst prognosis of the subtypes 66. In another study, ERnegative tumors could be subdivided into four main subtypes, with positive clinical
outcomes associated with higher relative expression of complement and immune
response pathway genes independent of lymphocytic infiltration 67. Lastly, researchers
demonstrated that TNBC could be subdivided into six molecular subgroups with unique
gene-expression profiles, and also were able to show differential responses to current
chemotherapies in xenograft mouse models. Importantly, one of these subclasses was
termed “immunomodulatory” due to its signature expression of high levels of immune
response genes 68.

Breast cancer and the BRCA1 gene
Most BCs are sporadic while some are the result of an inherited predisposition
(about 5-10%). Most often, the inherited predisposition is due to a mutation in the tumor
suppressor gene BRCA1 or BRCA2 (about 80%) 69. BRCA1 is a tumor suppressor gene
important for orderly DNA repair, particularly, with homologous recombination (HR) 70.
Because of this, they are also thought of as caretaker genes. After gender and age, genetic
predisposition (often due to BRCA1, but other oncogenes relevant to BC do exist, e.g.
p53 and PTEN) or family history is the next strongest predictive risk factor for
developing BC. The average cumulative risks by age 70 for BRCA1 mutation carriers is
estimated to be 60% 71. This is in stark contrast to the general population who have an
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average risk of about 8% for developing BC 72. Moreover, the onset and development of
sporadic BCs have been correlated with decreased expression of BRCA1 73. Additionally,
individuals who test negative for BRCA1 or 2 are significantly less likely to develop BC,
with a risk cited to be much less than 1% 74. Although it has been reported that the
prognosis between women with sporadic and BRCA positive BC is similar, there are
confirmed differences in phenotype. Such that, the phenotype of BRCA1 positive BCs
are more often presented at a significantly higher grade than sporadic 75, and are more
likely to be the TNBC subtype 65. In addition, women testing BRCA1 positive are often
diagnosed at a younger age, have a high risk of contralateral BC and are more likely to
develop a second primary cancer 72. Thus, the similarity in OS and DFS may just be a
testament to the therapeutic advances and quality of care in breast cancer therapy.
Nonetheless, a better understanding of the strong ties BRCA1 has in the development of
BC is of physiological and therapeutic importance.
Increased understanding of BRCA1 in DNA repair pathways gave way to its
pharmacological manipulation. It has been established that BRCA1 is involved in all
phases of the cell cycle and regulates orderly events during cell cycle progression,
especially in HR. Abnormalities caused by BRCA1 deficiency are seen in the S-phase,
G2/M-phase, and spindle checkpoints, as well as in centrosome duplication 76. This
genomic instability caused by BRCA1 deficiency normally triggers cellular responses to
DNA damage that halts the cell cycle and induces apoptosis. Therefore it is believed that
BRCA1-deficiency, alone, does not lead to tumorigenesis, but instead causes genomic
instability, which imparts a high risk of malignant transformation. This instability is due
to BRCA1 deficient cells being unable to undergo HR. They therefore rely heavily on
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non-homologous end joining (NHEJ) and single strand break (SSB) repair pathways 77.
NHEJ, however, does not utilize the sister chromatid as a template for repair and instead
bluntly joins the ends of double strand breaks (DSB) leading to a high genomic instability
and partialness to transformation 70. This subsequently lead to the hypothesis that
inhibition of a repair pathway in addition to the HR deficiency caused by BRCA1
mutations may lead to loss of cell viability 78. Poly (ADP-ribose) polymerase (PARP)
was a strong candidate for inhibition because of its role in base excision repair (BER) of
SSBs. Moreover, the loss of function in PARP increases the number of mutations
repaired by HR without actually regulating the process itself. Therefore, a BRCA1
mutant cell with PARP inhibition should accumulate too many DSBs to remain viable,
leading to apoptosis. This was subsequently determined in a dose-dependent manner
about a decade ago 78, and today PARP inhibitors have been FDA-approved as a single
treatment in ovarian cancer, and are currently in phase III trials for breast cancers 79.
Interestingly, PARP inhibition also shows some efficacy in BRCA-negative patients
suggesting an overlap in response possibly due to mutations in genes, other than BRCA,
important for HR. Thus, PARP inhibitors may be more widely effective than first thought
80

. Indeed, McCabe et al demonstrated in vitro that deficiencies in several proteins

involved in HR leads to PARP inhibitor sensitivity 81. For that reason, the term
‘BRCAness’ has been used to describe sporadic cancers with a similar phenotype and
sensitivity to BRCA mutated cancers.
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Breast cancer and the immune system
Immunotherapy in many cancer types is ineffective and the mechanisms of evasion
by tumors outplay the mechanisms of immune recognition. The ability of immune cells to
distinguish self from non-self is a key feature required to mount an effective immune
response. However, a lack of tumor-specific antigens is often the first mechanism of
tumor escape. High mutational burden is seen in melanoma and lung cancers associated
with environmental exposures, and the antigens derived from those mutations are often
distinctive from self. These ‘neoantigens’ produced by a high number of genomic
mutations are correlated with immunotherapeutic success in a number of cancers 82 83.
Breast neoplasms have not had much attention in the immunotherapeutic field (until
recently) possibly because of the relatively low mutational load of these cancer cells 84.
In melanoma, researchers correlated the mutational load seen in the exome sequence
with response to therapy 85. They found that patients with a high mutational load showed
long-term benefits with ipilimumab (an anti-CTLA-4 mAb). Patients with a low
mutational load showed minimal or no benefit. In fact, a mutational load >100 was
correlated with significantly better OS compared with a mutational load of <100.
Interestingly, in ovarian cancer, it has been demonstrated that the BRCA-mutated tumors
with alterations in HR is associated with neoantigen expression, an increased number of
tumor-infiltrating lymphocytes, and improved OS compared to HR proficient tumors 86.
Therefore, it is possible that because of the major role Brca1 plays in BC and the
inherently high mutational burden that BRCA1 deficient cancers have, that BCs as well
would be inherently more immunogenic than their BRCA mutation-negative
counterparts.
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These findings are very recent indicating our relatively naïve understanding of
cancer immunogenetics thus far. Nonetheless, considerable clinical and preclinical
evidence shows that BC is under immunosurveillance and we are just beginning to
understand the complex interplay of the immune system and BC. It is important to
understand the complexity of immunology and that no singular therapy will likely be the
most effective treatment. For example, an increased mutational load caused by PARP
inhibition should significantly increase the presence of neoantigens in BCs, thus fueling a
stronger immune response, such that, immunotherapies, for instance, checkpoint
blockade will be more effective. Synergistic strategies such as this will likely be the most
effective form of treatment. However, therapeutic strategies in BC therapy and
characterization of BC subtypes are only in their early stages. With the advent of stronger
methods of cancer cell characterization, the further identification of definitive
biomarkers, and well-thought out immunotherapeutic approaches against them, these
strategies will undoubtedly lead to improved survival and increase in the overall quality
of life in breast cancer patients.
This thesis seeks to elucidate a stronger understanding of the role BRCA1 plays in
the development and function of NKT cells, and will further seek to ascertain the
potential of NKT cells in immunotherapeutic approaches for a transformed phenotype.
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Materials and Methods
Mice
Six- to eight-week-old C57BL/6 mice were purchased from the Jackson Laboratory (Bar
Harbor, ME). These mice were age- and sex-matched with a BRCA1 exon 11-deficient
mouse model (BRCA1-mut) described previously by Xu et al. 87. Confirmation of the
mutated BRCA1 genotype was done by Transnetyx (www.transnetyx.com). Mice were
maintained on a C57BL/6 background in temperature- and light-controlled conditions in
the University of Maryland, Baltimore animal facility. All mice were maintained in
accordance with institutional guidelines approved by the University of Maryland,
Baltimore Animal Care and Use Committee. These mice were kindly provided by Dr.
Laundette Jones (University of Maryland, Baltimore).

Spleen and thymi cell isolation
Single cell suspensions were prepared from the spleen and thymus of WT and BRCA1mut mice via straining through 70um nylon mesh screens with a cell buffer solution (5%
fetal bovine serum (FBS; Thermo Fisher Scientific), 0.02% sodium azide, in 1X PBS
(Corning)). Erythrocytes were lysed in 5 ml 0.84% NH4Cl (Quality Biological) and
remaining splenocytes and thymocytes were washed and resuspended in a cell buffer
solution.

Liver mononuclear cell isolation
The isolation of liver MNCs from WT and BRCA1 mutant mice was done as previously
described 88. In brief, livers were perfused with 10 ml of 1X PBS, excised, and minced.
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The livers were then passed through 70um nylon mesh strainers and suspended to 40 ml
in cell buffer solution. The liver cell pellet was resuspended in a 37.5% Percoll density
gradient. Following a 12 min centrifugation step (2000 rpm) at room temperature,
hepatocytes were aspirated off and the pellet containing the MNCs were recovered.
Erythrocytes were then lysed in 5 ml 0.84% NH4Cl for about 2 min. The MNC cells were
then washed and resuspended in 7 ml cell buffer solution, ready for counting and used for
flow cytometric analysis.

Antibodies and flow cytometry
The following monoclonal antibodies (mAbs) conjugated to FITC, PE, PerCP, or APC
were used (Biolegend): anti-NK1.1, anti-CD44, anti-TCRb, anti-CD4, anti-CD8, antiCD1d, anti-MHC class I, anti-MHC class II, and labeled CD1d/α-GalCer tetramers. AntiCD16/CD32 (BD Bioscience; FcBlock) was used to block non-specific binding, prior to
staining, and (2x107/well) cells were fixed with a 1% paraformaldehyde solution. Flow
cytometric analysis was undergone at the University of Maryland, Baltimore, Center for
Innovative Biomedical Resources, Flow Cytometry Shared Service program.

Cell lines
The Va14+ mouse CD1d1-specific NKT cell hybridomas DN32.D3 and N38-3C3, and
the CD1-specific NKT hybridoma N37-1A12 have all been described 89 90. These cell
lines were cultured in Iscove’s modified Dulbecco’s media (IMDM) medium
supplemented with 5% FBS, Pen/Strep and 2mM L-glutamine.
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NKT cell activation assays
To quantify the levels of cytokine production by endogenous thymocytes and splenocytes
in the WT and BRCA1-mut mice, 5x106 cells/well were cultured with medium alone, αGalCer-loaded artificial antigen presenting cells (aAPCs) (5x105/well), anti-CD3/CD28
beads (5x105/well), or PMA/Ionomycin. Usage of the aAPCs and anti-CD3/CD28 beads
were done as previously described 91. Cultures were incubated for 48 hrs., and
supernatants were then harvested and used to determine IFN-γ production by ELISA
(Biolegend).

NKT hybridoma coculture assays
To measure NKT cell responses to BRCA1-mut lymphocytes, 5x105/well murine
splenocytes and thymocytes were incubated in the absence of (DMSO vehicle control) or
presence of exogenous α-GalCer (conc. 0.0001%), and cocultured with 5x106/well NKT
cell hybridomas (noted above) in 96-well round-bottom plates. After a 20-24 hr.
coculture, supernatants were harvested, and IL-2 production was measured by ELISA
(BD Bioscience).

Statistical analysis
Statistical significance was assessed using Prism 6.0 (Graphpad Software, San Diego
CA). For comparison of means, a student’s t test was used (unpaired, two-tailed), and for
multigroup comparisons one-way ANOVA was used.
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Results
Normal total lymphocyte numbers in BRCA1 mutant mice
Normal T lymphocyte numbers in BRCA1 exon-11-deficient mice have been previously
reported by Bachelier et al. 92. To compare those findings to our own, flow cytometry was
utilized to assess thymocyte subpopulations. Thymocytes undergo a maturation and
selection process during which double negative (DN; CD4-CD8-) thymocytes become
double positive (DP; CD4+CD8+) and eventually single positive (SP; CD4+CD8- or CD4CD8+). Here, T lymphocyte numbers characterized by CD4 and CD8 expression are
found in similar numbers between WT and BRCA1-mut mice in the all subtype
populations (Figure 1A). The percentages of conventional T cells between WT and
BRCA1-mut, appeared dissimilar, consequently the data was represented graphically, and
demonstrated a lack of significance between lymphocyte subpopulations (Figure 1B).
These data suggest that T cell development proceeds normally to the DP stage when TCR
expression occurs and throughout the selection process.

Figure 1. Normal thymocyte numbers in BRCA1 mutant mice. A. Representative dot plots of two separate experiments
quantifying the frequency of double negative (DN), double positive (DP), and single positive (SP) lymphocytes within the
thymus. Lymphocytes were gated on the initial FSC/SSC dot plot. B. A graphical depiction of the above dot plot, but is
representative of 3 different experiments. SEM and significance are indicated.
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NKT cells are reduced in BRCA1 mutant mice
Despite not finding a significant decrease in conventional T cells, which is consistent
with previous studies, further analysis of NKT cells did demonstrate significant changes.
Analysis of the NKT cell population in the BRCA1-mut mice was performed by flow
cytometry. Lymphocyte populations were gated initially to separate out the myeloid and
granulocyte populations. The percentages of NKT cells (NK1.1+ TCRβ+) were reduced in
the liver, spleen, and thymus of BRCA1-mut mice by an average of 79.9%, 47.1%, and
76.2%, respectively (Figure 2). Moreover, the percentages of B cells, macrophages, and
DCs in the total lymphocyte population were similar (data not shown), supporting that a
defect in BRCA1 is specific for T lymphocytes, particularly NKT cells. Further
experiments are required, however, to make any strong conclusions about other cell
populations.

Figure 2. NKT cells are reduced in BRCA1 mutant mice. Representative dot plots comparing the populations of the NKT
cell populations in the liver, spleen, and thymus. Lymphocytes were gated as the smaller population on the initial
FSC/SSC dot plot similar to the gating strategy shown in Figure 3.
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Loss of NKT cells occurs during stage 3 of development
To further investigate the defects associated with the deletion of exon 11 in BRCA1, we
examined the individual developmental stages of NKT cells in the thymus. As mentioned
above, NKT cell development is generally characterized by their CD44 and NK1.1
expression. Stage 1 NKT cells are CD44- NK1.1-, stage 2 is CD44+ NK1.1-, and stage 3 is
CD44+ NK1.1+. To depict the stages of NKT cell development by flow cytometric
analysis a gating strategy was utilized, as shown. Initially, lymphocytes were gated on
and found as the lower population when displayed on a density plot (reversion to dot plot
was done for consistency purposes). From the lymphocyte population, CD1d/α-GalCer
tetramer+ and TCRβ+ cells were gated on in the upper quadrant. Finally, the tetramer+
TCRβ+ cells were then used to determine expression of CD44 and NK1.1 (Figure 3). Our
data consistently showed a loss of CD44+ NK1.1+ (Stage 3) cells in the thymus. BRCA1mut stage 3 NKT cells were calculated to be decreased by an average of 78% compared
to WT.
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Figure 3. Loss of NKT cells occurs during stage 3 of development. A. Representative dot plots of the gating strategy
used to examine NKT cell developmental stages. B. Graphical depiction of the CD44 NK1.1 staging data shows a
significant decrease in stage 3 of the tetramer+ TCRβ+ NKT cells (P=0.05, student’s t test). Data is representative of 3
experiments. C. Summary of the ratios of BRCA1-mut NKT cells and WT NKT cells at each stage of thymic
development. Data is representative of 3 independent experiments. Stage 1 (S1), Stage 2 (S2), Stage 3 (S3). Mean and
SEM are shown.
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Normal CD1d expression in the liver, spleen, and thymus of BRCA1-mut mice
Next, we sought to determine a potential mechanism for NKT cell developmental defects
due to the deletion of exon 11 from BRCA1. We examined whether the loss of NKT cells
was due to decreased CD1d cell surface expression, and therefore a lack of antigen
presentation. Lymphocytes of the liver, spleen, and thymus were stained for CD1d and
analyzed by flow cytometry. Histograms of liver-derived lymphocytes, splenocytes, and
thymocytes revealed similar CD1d expression between WT and BRCA1-mut mice in all
organs (Figure 4). These data demonstrate that CD1d expression is unaffected by the
aberrant expression of Brca1.

Figure 4. Representative histogram plots showing CD1d expression in the liver, spleen, and thymus of WT and BRCA1mut mice. WT (black) and BRCA1-mut (red) show overlapping distributions indicating similar CD1d expression in the
liver, spleen and thymus.
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Dissimilar MHC expression in BRCA1-mut mice
The expression of MHC class I and class II were investigated to determine if there are
any differences between WT and BRCA1-mut mice, as the reduction of MHC molecules
on the surface of tumor cells is a method of avoiding immune detection 20. Interestingly, a
clear reduction in MHC class I was found in the liver and spleen of BRCA1-mut mice,
but not MHC class II in the any
of the organs examineds
(Figure 5). This is consistent
with the findings above
demonstrating normal
development of thymic T
lymphocytes (Figure 1), as
MHC molecules were found to
be normally expressed in the
thymus. In addition to, but not
consistent with this data, DN,
DP, CD4 SP, and CD8 SP
conventional T cell populations

Figure 5. Representative histograms depicting MHC class I and Class II
expression in the liver, spleen, and thymus of WT (black) and BRCA1-mut
(red) mice.

were examined in the liver and spleen and were unaffected in the BRCA1-mut mice (data
not shown).
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Functional analysis of T and NKT cells of BRCA1-mut mice
Next we investigated the function of endogenous T and NKT cells in the spleen and
thymus. Thymocytes and splenocytes were cultured with α-GalCer-loaded CD1dexpressing artificial antigen presenting cells (aAPCs) specific for NKT cells, and antiCD3/CD28 beads, which are stimulatory for all T cells. We observed a significant
increase in IFN-γ production by the T cells of the spleen and thymus of BRCA1-mut
mice compared to WT control (Figure 6). We did not detect NKT cell activation in the
spleen or thymus of either mouse strain. Further investigation is required. However,
nearly a 2-fold increase in BRCA1-mut T cell activation demonstrated by IFN-γ
production in the CD3/C28-treated cells was determined by ELISA. These data were
consistent in 5 independent experiments.

Figure 6. ELISA data of IFN-γ produced by cultured thymocytes and splenocytes in the presence of medium (negative control),
artificial antigen presenting cells (aAPC), anti-CD3/CD28 bead (CD3/28) and PMA/Ionomycin (positive control). Data is
representative of 3 independent experiments (mean and SEM shown).
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Increased NKT hybridoma activation in the spleen, but not the thymus
Next we sought to determine the ability of splenocytes and thymocytes to activate
different NKT cell hybridomas. DN32.DN3, N38-3C3, N37-1A12 NKT hybridoma cell
lines were cocultured with splenocytes or thymocytes in the presence or absence of αGalCer. NKT production of IL-2 in response to splenocytes and thymocytes was
determined by ELISA (Figure 7). No significant IL-2 was produced in the absence of αGalCer, except by the type II
non-α-GalCer-reactive N371A12 NKT hybridomas.
Furthermore, in the presence
of α-GalCer, the N37-1A12
NKT cells had no significant
change in reactivity. The
N37-1A12 NKT cells did,
however, demonstrate a large
increase in IL-2 production
between the thymus (very
little activation) and spleen.
Within the spleen, N37-1A12
activation was significantly
different between WT and

Figure 7. Coculture data representative of 3 independent experiments.
DN32.D3, N38-3C3, and N37-1A12 NKT hybridoma cells lines were
cocultured with thymocytes and splenocytes harvested from wildtype
(WT) and BRCA1 exon 11-deficient mice (indicated BRCA1) in the
presence of α-GalCer (α-GC) or DMSO vehicle control.

BRCA1-mutants.
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Discussion
T and NKT cell lineage development requires a delicate balance of cell death,
differentiation, and maturation. Mutations allowing for survival of self-specific
lymphocytes are the basis of autoimmune diseases and hypersensitivity. A tightly
regulated DNA repair process is important in development to produce viable cells with
rearranged TCRs and self-tolerance. Moreover, TCRs must be produced from these cells
with the correct affinity for MHC/peptide or CD1d/lipid antigen complexes to pass the
several checkpoints of thymic development and proliferation. Mammalian cells respond
to any defects in these factors by inducing cell cycle arrest or apoptosis. DSBs and SSBs
occur often during development, especially throughout V(D)J rearrangement, and several
repair proteins are known to play an important role during T cell lineage development to
mend DSB and SSBs. Importantly, NKT cells are found in decreased number in BC
patients, and these NKT cells that do persist are often functionally impaired 21, 22. Here,
we investigated the role of BRCA1 in the process of NKT lymphocyte development and
subsequent function. Notably, however, it has been reported that knockdown of exons 5
and 6 of Brca1, depleted from T cells specifically (tBrca-/-), is not required for the in vivo
NHEJ essential for V(D)J recombination of the TCR loci 93. However, the loss of Brca1
does lead to a drastic and specific deletion of thymocytes and peripheral T cells. This
study also demonstrated that defective development was caused by reduced proliferation
and survival initiated by a block in cell cycle progression, and subsequent apoptosis. This
suggests that Brca1 is not vital during thymic selection processes dependent on TCR
rearrangement and antigen recognition. However, normal lymphocyte development was
previously shown in BRCA1 exon-11-deficient mice 92. This is consistent with data found
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here, showing a non-significant difference in the total T lymphocyte count of DN, DP,
and SP cells (Figure 1). Together, this suggests that the shorter isoform of Brca1 (lacking
exon 11) is sufficient for T lymphocyte development within the thymus.
Despite the fact that TCR loci rearrangement is not hindered in tBrca1-/- mice 93,
we show that MHC class I and II expression is normal in the thymi of BRCA1 exon-11deficient mice (Figure 5). However, abnormal MHC class I expression in the liver and
spleen is not consistent with the findings that total T lymphocyte subpopulations in those
organs are normal (data not shown). The lack of MHC class I/antigen stimulation in the
periphery would normally be indicative of anergic CD8 SP T cells. However, when
stimulated ex vivo, T lymphocytes of the spleen and thymus in BRCA1-mut mice produce
higher levels of cytokine than WT (Figure 6). This suggests that T lymphocytes are
hyper-responsive to stimulation in BRCA1-mut mice.
Upon closer inspection our lab has shown that the T lymphocyte subset of NKT
cells are, in fact, affected by a deletion of exon 11 in BRCA1. A stark depletion of NKT
cells was found in the thymus (76.2%), liver (79.9%), and spleen (47.1%) (Figure 2). By
incorporating a flow cytometric gating strategy, we were able to determine that NKT
cells are drastically reduced during stage 3 of development (CD44+, NK1.1+) (Figure 3).
Thus, it is conceivable that the longer isoform of Brca1 is necessary for NKT cell
development, but not conventional T cell development. Further studies of the TCR
repertoire and relevant transcription factors would be required, however, to accurately
conclude that this is true, but data from this study and previous suggests a requirement for
the long isoform. Furthermore, because progression of an activated, effector phenotype
occurs in stage 3 of development for NKT cells, it would be of use to examine the
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expression of NK markers (other than NK1.1), and TCR-independent cytotoxicity
mediated by NKG2D, for example 35. More likely, however, the next step in
characterizing this stage 3 loss will have to do with determining PLZF expression and
other intrinsic cell markers.
Why NKT cells are depleted, however, is less clear. CD1d expression was normal
in the liver, spleen, and thymus (Figure 4). Hence, antigen presentation is not hindered
and NKT cell selection in the thymus, as well as activation in the periphery should
proceed normally. When we look at NKT hybridoma activation by splenocytes and
thymocytes, we find a significant increase in activation in response to splenocytes, but
not thymocytes, as demonstrated by IL-2 production (Figure 7). However, activation was
only demonstrated in response to addition of exogenous antigen. Therefore, according to
the data, NKT cells within the thymus should develop normally, but they do not. Further
investigation into the NKT phenotypic markers during development and activation, as
well as proliferation assays in BRCA1-mut mice is necessary to make any further
conclusions.
On the other hand, NKT cells in the spleen show signs of hyper-responsiveness in
the presence of exogenously added antigen (α-GalCer) by type I NKT cells (DN32.D3
and N38-3C3), but over-activation despite the presence of antigen by type II NKT cells
(N37-1A12). The hyper-responsiveness of DN32.D3 and N38-3C3 appears similar to
stimulation of all T lymphocytes by CD3/CD28 (Figure 6). Therefore, it is plausible that
type I NKT cells, and T lymphocytes, within the spleen are undergoing AICD, which
would account for their loss and stronger than normal activation. Why we don’t see a
similar loss in all T lymphocytes is not clear. A potential reason for this may be explained
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by homeostatic proliferation of T lymphocytes, where the loss of cells caused by genetic
aberrations is causing lymphopenia-induced cell proliferation. The factors required for
maintaining T cell homeostasis are known to vary considerably within T cell subsets 94.
Thus, during the revamping of lymphocyte populations, NKT cell competition with
conventional T and NK cells occurs for cytokines, especially IL-7 and IL-15. In this
scenario, NKT cells may not be acquiring enough cytokines (especially IL-15) to
maintain homeostasis, while other subsets are able to and turnover much quicker 95. Thus,
one notion may be that Brca1 deficiency is causing NKT cells to undergo AICD, and
consequently, are not able to turnover as quickly as other IL-7- or IL-15-dependent
lymphocyte subsets. This would explain the loss of NKT cells with hypersensitivity to
antigen. CFSE proliferation and BrdU incorporation assays would be the most effective
means to test this hypothesis.
According to our results, the type II NKT cells (i.e. the N37-1A12 hybridomas)
seem to show constitutive activation in the BRCA1-mut mice (Figure 7). This suggests
the possible presence of lipid antigens specific for type II NKT cells, but not Type I due
to the observation that only in the presence of α-GalCer was IL-2 produced. It may also
be hypothesized that NKT cells are undergoing a more regulatory role. Type II NKT cells
have been demonstrated to be a main contributor of regulatory functions cancer immunity
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. However, further investigation of the endogenous cytokines present in the BRCA1-

mut mice would be required to make these assumption. Future studies also need to
determine the quality of signal 2 (costimulation) and signal 3 (cytokine signaling), as they
are likely playing a major, yet unforeseen, role.
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Interestingly, past studies showed that decreased expression of BRCA1 correlated
with accelerated growth and breast cancer progression 73. This thesis provides data
demonstrating that a loss of NKT cells during their development in the thymus of mice
susceptible to breast cancer. Hence, the data of this thesis and previous findings suggest
that this association outlines a loss of immune surveillance in breast cancer due to a loss
in number and function of NKT cells. Moreover, Xu et al. reported that our BRCA1-mut
mice demonstrate ductal morphogenesis, typified by the manifestation of hyperplastic
alveolar nodules (HANs)—a precursor to breast cancer development 87. It is plausible
that the remaining NKT cells are making a regulatory immune response neoantigens
produced by the HANs found in the mammary gland and keeping these naïve tumors at
bay. The increased susceptibility to oncogenesis is possibly due to the combination of
decreased immune surveillance (demonstrated by the loss of NKT cells) and
chromosomal instability (Brca1 deficiency). Thus, the combined effect of BRCA1
deletion of exon 11 may be contributing to a state of equilibrium where cancer
immunosurveillance and cancer immune escape are in delicate balance and cancer
persists at a slow rate. This notion would be consistent with the ‘two-hit’ hypothesis that
Brca1 mutations lead to an increased susceptibility of other mutations in driver genes
(especially p53 70, 87, 96) contributing to the clinical manifestation of cancer. Conceivably,
the loss of NKT cells may be a major factor in the eventual clinical onset of mammary
tumorigenesis in this mice, and BRCA-positive patients. Obviously, much more research
is required to confirm this correlation, but this thesis does outline its potential validity.
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Future Directions
In addition to demonstrating the loss in number and uncharacteristic function of NKT
cells in vivo, our lab has demonstrated the inhibition of NKT cells by BC in vitro 97.
Initial studies in our lab found that NKT cell hybridomas cultured with HV or BC
patients’ PBMCs showed reduced production of IL-2. Moreover, when cultured with the
supernatants of human breast cancer cell lines MCF-7 and MDA-MB-453, NKT cell
hybridomas also demonstrated a reduced production of IL-2. This suggests that BCs are
shedding a soluble factor that is being presented to NKT cells in the context of CD1d, but
is not being recognized as foreign antigen.
With this knowledge and given that a variety of gangliosides that are shed by BCs
have the potential for NKT cell recognition 98, our lab treated NKT cells with a panel of
glycosphingolipids and found that GD3 was inhibitory in a dose-dependent manner.
Moreover, we confirmed that GD3 is expressed by the BC cell lines MCF-7 and 410.4.
Remarkably, our lab went on to determine that GD3 binds with a higher affinity to CD1d
than α-GalCer. These data suggest that GD3 secretion by BCs is a major
immunosuppressive factor against NKT cell-mediated anticancer responses 97. Thus, our
lab hypothesized that inhibition of glycosphingolipid synthesis would restore NKT cell
recognition of BCs. Miglustat is a drug used to treat Type I Gaucher disease. The primary
pharmacological activity is inhibition of the enzyme glucosylceramide synthase,
catalyzing the first step in the biosynthesis of glycosphingolipids. Cocultures of NKT
cells and BCs treated with Miglustat demonstrated an increase in IL-2 production
indicating restored activation and recognition of BCs (unpublished data).
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Reports from meta-analyses indicating a decreased risk of BC in patients treated
for other aliments with statins 99 led our lab to investigate a potential mechanism of
inhibition of BC-mediated immunosuppression by statins. Our lab was able to
demonstrate the restoration of NKT cell activation in response to BC cell lines treated
with atorvastatin (Lipitor), in a dose-dependent manner (unpublished data). Moreover,
atorvastatin treatment of BC cell lines showed reduced proliferation and improved cell
morphology in a dose-dependent manner. Lastly and most notably, treatment of the
BRCA1-mut mice with atorvastatin revealed restored NKT cell numbers and a reduced
number and size of HANs in mammary epithelial cells. Thus, the pharmacological
restoration of NKT cell numbers can have a significant impact on disease.
Further studies in this project were the basis of this thesis, however, more is
needed to be done. Initially, a simple experiment, which could be very informative,
would be the allogenic adoptive transfer of NKT cells to BRCA1-mut mice. This would
entail the adoptive transfer of WT NKT cells into BRCA1-mut mice. If WT NKT cells
survive and even confer protection to the BRCA1-mut mice, then it may be concluded
that genetic aberrations are the root cause of defective NKT cell development and loss of
immune surveillance. If not, then it can be said that the immunosuppressive capabilities
of BRCA1-deficient BCs are the major cause of clinical manifestation in mice. Other
potential experiments of atorvastatin’s efficacy can also be done. The metastatic mouse
BC cell line E0771 is our lab’s current model for characterizing NKT cell-mediated
anticancer functions. We will seek to determine the ability of NKT cells to recognize and
activate in the presence of E0771 in vitro, as well as treat WT mice bearing E0771
tumors and BRCA1-mut mice with atorvastatin to determine NKT cell function specific
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to BC in vivo. Other means of demonstrating our hypothesis may utilize a 3D spheroid
model system with E0771 cells. The potential outcomes of these experiments, alone, have
far-reaching implications in NKT cell-based immunotherapy.
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