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GENERAL INTRODUCTION OF THE IMMUNE SYSTEM

The purpose of the immune system is to maintain host integrity in a competitive and
often hostile environment. Quter threats come in numerous forms: bacteria, virus,
fungi, parasites, and toxins. The immune system must launch powerful and efficient
counter-measures to these threats while simultaneously retaining unequivocal accept-
ance of self in order to ensure host viability. Thus, it is imperative that the immune
system can make several types of distinctions in order to function correctly, since an
inability to distinguish between 1) foreign and self components could result in auto-
immune disease, 2) dangerous and benign foreign elements could lead to allergies, and
3) normal and abnormal self components could result in development of cancer.
Failure in any of these respects could be just as detrimental to the host as a failure to

repel exogenous pathogens.

The immune system, which is a collective term of a broad range of defensive measures,
can be divided into two branches: the innate and the adaptive immune system. These
two branches function collaboratively for optimal protection of the host. Over time
the immune system has evolved two fundamentally different ways of recognizing
antigens. Cells belonging to the innate branch of the immune system use germ line
encoded receptors that recognize a limited set of evolutionary conserved pathogen
specific structures. This confers the ability to rapidly respond to threat, but without the
option of adapting receptor-specificity in case the pathogen mutates. In contrast, B
and T lymphocytes of the adaptive branch rearrange their antigen receptor genes,
generating a receptor repertoire with the potential of recognizing not just a few evolu-
tionary conserved antigens but an almost infinite number of antigens. Through a time-
consuming mechanism, rearrangement bestows on the immune system the important
capacity to adapt to mutating pathogens. Rearrangement is a prerequisite for develop-
ing a swifter and even more precise response upon a second encounter with the same
antigen, a process termed immunological memory, which is a unique feature of

adaptive immunity.



Innate immunity is comprised of mechanical barriers such as skin and mucosal
membranes, anti-pathogenic soluble factors, inflaimmatory reactions preventing the
spread of the pathogen during infection, and phagocytic cells such as neutrophils and
macrophages. The innate immune system thus provides the first line of defence,
reacting very rapidly and in many cases clearing the infection before the adaptive
immune system is activated. During more serious infections, innate immune
mechanisms limit pathogen spread and replication, giving the adaptive immune
mechanisms time to develop fully and resolve the infection. The adaptive immune
system is comprised of B and T lymphocytes as well as antigen presenting cells such as

dendritic cells.

Interestingly, certain lymphocyte subpopulations display traits generally associated with
innate immunity, instigating the term non-conventional or innate-like B and T
lymphocytes. These cells express a restricted set of rearranged antigen receptors with
unusually limited diversity and specificity, reminiscent of the innate receptors. Several
of these receptors recognize self-structures of which many are associated with cellular
stress. This is an uncommon specificity among adaptive immune cells, as self-reactive
cells are generally eliminated to protect the host from autoimmune reactions. Another
innate-like characteristic is the ability to respond robustly and very rapidly to antigen,
in part due to low activation thresholds, fine-tuned by expression of natural killer (NK)
receptors. Additionally, non-conventional lymphocytes generally localize to specific
sites, such as mucosa and skin, enabling rapid encounter of foreign antigens. B1 B
cells, marginal zone (MZ) B cells, clustet of differentiation (CD) 8ot afT cells, y8T
cells, and natural killer T (NKT) cells are all examples of non-conventional

lymphocytes.

This thesis delves into the fascinating world of NKT cells, one of the types of non-
conventional T lymphocytes. NKT cells have been shown to make important
contributions in such diverse immunological circumstances as protection from various
types of pathogens, tumor rejection, and tolerance maintenance. The study of NKT

cells was initiated two decades ago and has attracted an increasing level of attention in



recent years, resulting in a rapid accumulation of phenotypical and functional data.
However, numerous unexplored areas and unanswered questions remain in the field.
This thesis aims at shedding light on three of these questions: What genetic profile
distinguishes NKT cells? What genes are characteristic for distinct functional NKT cell

subsets? What is the functional role of NKT cells during Sa/monella infection?



DESCRIPTION OF NON-CONVENTIONAL B AND T LYMPHOCYTES

NKT cells share both phenotypic and functional features with other non-conventional
lymphocyte populations. The traits characteristic of non-conventional lymphocytes,
such as prompt activation and performance of effector function and localization to
specific sites that enables rapid encounter of antigen, confer important advantages to
the immune system during encounters with endogenous and exogenous threats
(Bendelac et al., 2001). In order to illuminate both similarities and disparities between
NKT cells and additional non-conventional B and T lymphocytes, a more detailed
desctiption of MZ B cells, B1 B cells, CD8ao. affT cells, y8T cells and subsequently
NKT cells will follow.

Marginal zone B cells

MZ B cells, defined as CD21h CD23l CD1dM cells, constitute a sub-population of
non-circulating B2 cells localized to the marginal zone of the spleen. The marginal
zone is sandwiched between the red pulp and the marginal sinus, which surrounds the
white pulp. Arterial blood is emptied into the sinuses, resulting in slow blood flow,
making MZ B cells ideally placed for screening blood-borne antigens. Upon antigen
encounter, the low activation threshold of MZ B cells result in rapid activation,
manifested as migration to the T-B border of the spleen, followed by rapid
proliferation and differentiation into large antibody-secreting plasma cells. MZ B cells
produce IgM and IgGs isoforms, which are important for amplifying later immune
responses by binding and concentrating immune complexes comprised of
complement-bound antigen. MZ B cells use CD21 to bind and transport immune
complexes to follicular dendritic cells (DCs), resulting in optimized germinal center
formation. MZ B cells also express high levels of B7 molecules and have been shown
to prime naive CD4* T cells (Attanavanich and Kearney, 2004). Studies have identified
separate functions of the high levels of CD1d on MZ B cells, including induction of
regulatory T cells and promotion of B cell class switch (reviewed in (Martin and

Kearney, 2002) (Lopes-Carvalho and Kearney, 2004) (Lopes-Carvalho et al., 2005)).
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B1 B cells

B1 B cells, found in peritoneal and pleural cavities, are the major producers of natural
antibodies in mice and humans. Natural antibodies are present in serum and are
defined as low-affinity antibodies present in the absence of stimulation with exogenous
antigen. They ate predominantly immunoglobulin (Ig) M and are selected upon
recognition of self antigens, but will upon challenge with pathogen bind pathogen-
associated epitopes, constituting a vital first line of protection from pathogens un-
encountered previously by the host. Natural antibodies have also been proposed to be
involved in housekeeping, that is, the clearance of damaged or apoptotic cells, which is
important for prevention of autoimmune development. B1 B cells also produce high
amounts of interleukin (IL)-10 important for supporting regulatory T cell populations.
In contrast to conventional B2 B cells, B1 B cells commonly express CD5. CD5 is a
surface receptor that potently suppresses B cell receptor (BCR) and T cell receptor
(TCR) signaling, and is most commonly expressed by T cells. CD5 is suggested to be
the reason why B1 B cells fail to be activated upon cross-linking of surface IgM.
Additionally, CD5 is thought to protect the Bl B cells from deletion during negative
selection. In addition to spontaneous antibody secretion, B1 B cells are also capable of
extremely rapid response to hapten challenge; migrating within 24 hours to lymph
nodes, and upon exposure to NKT cell-generated 1L-4, producing hapten-specific
IgM. B1 B cells also recognize and are rapidly activated by T cell-independent antigens,
such as lipopolysaccharide (ILPS), which induce migration from the peritoneal cavity to
spleen, followed by proliferation and a rapid Ig response. When B1 B cells specifically
respond to antigen, they mainly produce low-affinity antibodies reactive to antigen

with repeated epitopes. (Reviewed in (Baumgarth et al., 2005))

CD8aa afT cells

CD8aa afT cells display an oligoclonal and potentially auto-reactive TCR tepertoire
and an activated/memory phenotype. The CD8olat alfT cells constitute a part of the
intestinal intraepithelial lymphocyte (IEL) population and are found preferentially in
the small intestine, with a less pronounced presence in ileum. In mice, CD8oa has

been shown to bind with high affinity to a major histocompatibility complex (MHC)
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class I like molecule, thymic leukemia (TL) antigen. TL is constitutively expressed by
epithelial cells in the small intestine. CD8aai—TL interaction has been suggested to
play an important role in crosstalk between IELs and epithelial cells. Not much is
known about the function of the CD8aot afT cells as an endogenous antigen has not
yet been identified. However, studies have shown that this subset can secrete trans-
forming growth factor (TGF)-B upon activation and prevents colitis, suggesting a role

in regulating and maintaining immune quiescence in the intestine (reviewed in

(Cheroutre, 2005)).

yOT cells

In mouse, YOT cells re-circulate in blood and reside in liver and in the IEL
compartments of intestine, skin, and genitourinary tract where they monitor and kill
stressed or transformed epithelial cells. Different y8T cell subsets, defined by common
TCR rearrangements, exhibit distinct functional and localization patterns. Murine
Vy5/V81 dendritic epidermal T cells (DETC) in skin can recognize transformed and
stressed keratinocytes and produce keratinocyte growth factor (KGF) thereby
promoting wound healing. Hepatic Vy1/V36 cells produce IL-4 upon activation while
activation of human Vy9/V82 cells leads to efficient lysis of target cells and
production of interferon (IFN)-y and tumor necrosis factor (ITNF)-o. Surprisingly,
activated human Vy9/V82 cells have also been discovered to act as professional
antigen presenting cells; processing antigen, up-regulating expression of CD40, CD80,
CD86 and MHC class 11, theteby inducing naive CD4 and CD8 affT to differentiate
and proliferate (Brandes et al, 2005). The ligands of many 8T cells remain

undetermined, though recognition of structures up-regulated by stressed, activated or
malignantly transformed cells, and molecules conserved in metabolic pathways appears
to be common. Several ligands of YOTCR ate well defined and include several MHC
class I like molecules, such as murine T22 and T10, human MICA, MICB, and CD1c.
Certain yOT cell subsets have also been observed to express NK receptors such as

NKG2D (Born et al., 2006; Girardi, 2006) (Bendelac et al., 2001).

12



CHARACTERISTICS OF NK CELLS

In addition to sharing several features with non-conventional lymphocytes, NKT cells
also share a number of activational and functional characteristics with NK cells. NK
cells constitute the third major lymphocyte population and was originally described in
1975 as cells competent to kill tumor cells without prior sensitization, an ability termed
natural killing (Herberman et al, 1975; Kiessling et al, 1975). Bone marrow is
considered the primary site for NK cell generation. Mature NK cells are found in
blood, bone marrow, liver, lung, lymph nodes, spleen, and uterus. Upon activation,
NK cells promptly produce cytokines such as IFN-y and TNF-o and induce
cytotoxicity, predominantly by perforin but also by granzyme, Fasl, and TRAIL-
mediated pathways. NK cells have been shown migrate into lymph nodes (LN) where
they provide an eatly soutce of IFN-y important for polatizing naive CD4" affT cells
into T helper (h) 1 cells (Martin-Fontecha et al., 2004). NK cells are important for the
control of tumor development and infections with virus, certain parasites and
intracellular bacteria (reviewed in (Di Santo, 2006)). Human NK cells have been
described to comprise phenotypically and functionally distinct subsets; one subset
exhibiting potent cytotoxic activity and preferential recruitment into inflamed tissue,
while a second subset is prone to cytokine secretion and traffics to LNs (reviewed by

(Cooper et al., 2001).

NK cell function is regulated by a cohort of inhibitory and activating receptors
ensuring that tolerance to self is maintained while malignantly transformed or infected
cells are recognized and eradicated. Inhibitory receptors bind classical and non-classical
MHC class 1 molecules, which tend to be down-modulated by stressed or infected
targets cells as to avoid targeting by the immune system. When the balance between
inhibitory and activating signals is shifted towards the latter, either due to a decrease in
inhibitory or increase in activating signals, NK cells are induced to perform effector
function. While human killer immunoglobulin-like receptors (KIR), murine Ly49
receptors and CD94/NKG2 receptors, which generally mediate inhibitory signals, are

well studied, the first activating receptors were not identified until 5 years ago, but are

13



known to include NK1.1, NKG2D, Ly49D and Ly49H. Activating NK receptors are
generally specific for self-structures, such as Rael and H-60, which are upregulated by

stress, activation or malignant transformation of target cells. Cytokines such as 11.-12
and IFN-o/B can also shift the balance towatrds activation, promoting NK cell

cytolysis of target cells (reviewed in (Backstrom et al., 2004; Snyder et al., 2004)).
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INTRODUCTION TO NKT CELLS

In 1987, the first accounts wete given of an unusual affT cell population in thymus,

which expressed intermediate levels of TCRa.f3, had a three-fold increase in VB8 chain
usage and lacked expression of CD4 and CD8 co-receptors (double negative, DN)
(Budd et al., 1987) (Ceredig et al., 1987) (Fowlkes et al., 1987). Subsequently, another
population of DN affT cells was discoveted residing in bone marrow and, surprisingly,

expressing NK1.1. NK1.1 had previously never been observed on T cells and was
considered to be a pan-NK cell marker (Yankelevich et al., 1989) (Sykes, 1990). Just

like the thymic DN affT cells, the bone marrow NK1.1* afT cells were obsetved to
express intermediate levels of TCRaP with an increased use of VP8 and VB7 chains
(Arase et al., 1992). When both populations were shown to potently produce 1L-4 and
IFN-y upon activation (Zlotnik et al., 1992) (Arase et al., 1993), it was concluded that

the two cell types belonged to the same unconventional lymphocyte population.

In addition to using a limited set of TCRP chains, murine NK1.17 affT cells from
thymus, spleen and bone marrow were observed to have a TCRa repertoire skewed
towards expression of the invariant Va14-Jo18 TCRa chain, while human DN offT
cells isolated from blood, preferentially expressed the invariant Vo24-JoQ TCRo
chain (Porcelli et al., 1993) (Lantz and Bendelac, 1994) (Makino et al., 1995). In 1995,
the NK1.1* afT cell population was for the first time referred to as NK T cells
(Makino et al., 1995). Subsequently, T cells expressing the invariant Va14-Ja18/Va24-
JoQ chain were termed invariant (i) NKT cells. While expression of invariant TCRs is
a characteristic feature of NKT cells a substantial portion of the NKT cell population
make use of a diverse non-Val4-Ja18/Va24-JoQ TCR repertoite and ate therefore
called diverse (d) NKT cells. The first study of murine dNKT cells showed them to be
testricted, not by the MHC, like conventional affT cells are, but by another antigen
presenting molecule called CD1d (Cardell et al., 1995) as were many of the NK1.1+
ofT cells in mouse (Bendelac et al., 1995) and the human DN Vo24-JaQ-expressing
ofT cells (Exley et al., 1997).
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One of the more problematic aspects of studying NKT cells is the changes in
definition that has occurred over the years paired with technical difficulties in
identifying the population as a whole. NKT cells were originally defined as NK1.1*
ofT cells or CD161* afT cells (CD161 is the human equivalent of NK1.1), while
today NKT cells commonly denotes CD1d-restricted afT cells. The problem with the
NK1.1* TCRB" definition is that it also includes cells that are not CD1d-restricted
(Mendiratta et al., 1997) (Ebetl et al., 1999b) whilst excluding CD1d-restricted iNKT
and dNKT cells that do not express NK1.1 (Benlagha et al., 2000) (Matsuda et al.,
2000) (figure 1). An additional problem with using this definition is that the NK1.1

marker is only expressed in a few mouse strains.

CD1d-restricted NKT cells
iNKT cells

dNKT cells NK1.17 offT cells

Figure 1. Cells included and excluded by the NK1.1* TCRB* definition (adapted from
Cardell, 2005)

One of the realities in the field is that no known combination of markers exists that
exclusively identifies the entite NKT cell population. Therefore, NKT cells have to be
studied using definitions that include non-CD1d-restricted cells or only subsets of the

NKT cell population. In this thesis the following definitions are used (figure 2).

NKT cells CD1d-restricted T cells
iNKT cells CD1d-restricted T cells using the invariant Va14-Ja18/Va24-JaQ TCR chain
dNKT cells CD1d-restricted T cells using a diverse non-Va14-Jo18/Va24-JaQ TCR chain

NK1.1+ affT cells NK1.1* TCRB* cells

Figure 2. Definitions used in this thesis
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In addition to the NKT cell hallmark of rapid and abundant production of IL.-4 and
IFN-y upon activation, NKT cells also characteristically express NK receptors and
exhibit a phenotype reminiscent of activated or memory T cells (reviewed in (Brigl and
Brenner, 2004) (Kronenberg, 2005)). Murine NKT cells circulate in blood and are
present in liver, spleen, bone marrow, and thymus in numbers close to 10¢ cells per
organ and at very low frequencies in LNs. Murine iNKT cells constitute approximately
50% of NK1.1* affT cells in spleen and bone marrow, compared to 10% of NK1.1*
ofT cells in liver and thymus (Makino et al., 1995) (Hammond et al., 2001). In human,
1% of CD161* T cells in blood were iNKT cells (Gumperz et al., 2002) with similar
low presence observed in liver (Exley et al, 2002). Thus, while iNKT cells are
common in mice, INKT cells are only present at very low levels in human, suggesting

that ANKT cells dominate in human.
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THYMIC DEVELOPMENT OF T CELLS AND NKT CELLS

Development of T cells

B, NK, and T cells develop from common lymphoid progenitors (CLP) located in the
bone marrow. In order for T cells to develop, CLPs exit the bone marrow and migrate
into the thymus. In the thymus, T cells randomly recombine variable V, D and J gene
segments encoded in the TCR loci and further increase antigen recognition diversity by
making non-germ-line-encoded nucleotide additions at the V-(D)-] junctions. After
completed rearrangement of the TCR, T cells go through selection events ensuring
that only T cells with functional TCRs which recognize appropriate antigens survive to
be released into the periphery. Upon entering the thymus, the CLPs pass through a
series of developmental stages that can be distinguished by the expression of specific
cell surface markers, namely CD3, CD4, CD8, CD25, and CD44. The most immature
thymocytes are CD3- as well as CD4CD8- and are termed DN thymocytes. DN
thymocytes can be further subdivided into four successive developmental stages using
the CD25 and CD44 markers: CD25CD44+* (DN1), CD25*CD44* (DN2),
CD25*CD44 (DN3), and CD25-CD44- (DN4) (Godfrey et al., 1993).

At the most immature DN1 stage, thymocytes are pluripotent and can still develop
into T, B, NK, or dendritic cells (Shen et al., 2003). Commitment to the T cell lineage
occurs when DN1 thymocytes receive a signal through Notch, instigated through the
binding of Notch ligands on thymic stromal cells (Pui et al., 1999; Radtke et al., 1999).
A proliferative stage ensues (Kawamoto et al., 2003), followed by activation of the
recombination activating genes (RAG-1 and RAG-2) at the DN2 and DN3 stages.
RAG-1 and RAG-2 are involved in the simultaneous random recombination of the
TCRP, y and 8 chain genes (Capone et al., 1998; Godftey et al., 1994). Little is known
about the signals that direct T cells to a y8T or affT cell commitment. For a T cell to
choose the YOT cell lineage it must successfully rearrange both the y and & TCR chains
and receive an approptiate signal through the TCRyS complex upon surface
expression. Likewise, it is thought that successful recombination of TCRP and

subsequent surface expression and signaling through the functional pre-TCR (TCRf
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paired with a pre-TCRa chain) (Fehling et al., 1995) is sufficient to terminate further
B, v and & gene rearrangement and commit the cell to the affT cell lineage. Upon
entering the DN4 stage, thymocytes with a successfully reatranged TCRf chain will
proliferate extensively giving rise to a multitude of thymocyte clones with identical
TCRP chains (Hoffman et al., 1996). At the end of this division cycle the progeny cells
begin to express CD4 and CD8 (double positive, DP), re-express the RAG genes and
rearrange the TCRal chain (Wilson et al., 1994). A successfully recombined TCRo
chain will pair with TCRP forming a complete afTCR. At this point it is stll
undecided whether the DP thymocyte will become a conventional affT or NKT cell
(Gapin et al., 2001). The DP thymocytes now pass through the final maturation steps
of positive and negative selection. During selection only DP thymocytes that bind self
antigen in context of MHC of CD1d with appropriate strength will survive. During the
DP stage, ofT cells also make the CD4/CDS8 lineage commitment, thereby entering
the last thymic single positive (SP, CD4* or CD8*) maturation stage. Subsequently, the
CD8" affT cells and the CD4* affT cells, which recognize antigen in the context of
MHC class I and II, respectively, leave the thymus and begin to circulate in the

periphery (reviewed in (Milicevic and Milicevic, 2004).

Development of NKT cells

NKT cells are a subpopulation of afT cells and as such share many developmental
steps with conventional MHC-restricted afT cells, but thete are also many differences.
NKT cell development occurs in thymus (Bendelac et al., 1994; Hammond et al., 1998)
(Levitsky et al., 1991) but while the first conventional MHC-restricted afT cells enter
the thymus just prior to birth, NKT cells do not appear until a week after birth,

reaching full numbers not until seven weeks of age (Pellicci et al.,, 2002). It is not
known at what stage NKT cells branch off from conventional affT cells but it has
been shown that iNKT cells also pass through a DP thymocyte stage (Gapin et al.,
2001) (Egawa et al., 2005). NKT cells express TCRof and are absolutely dependent on
expression of the pre-TCRa chain (Eberl et al., 1999a) for development. Commitment

to the NKT cell lineage is believed to occur when self-antigens are recognized in the
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context of CD1d (Kawano et al., 1997) (Smiley et al., 1997). Successful rearrangement
of the TCRa and TCRP chains is followed by positive selection mediated by
interaction with CD1d-expressing cortical DP thymocytes (Bendelac, 1995; Bendelac
et al., 1994; Brossay et al., 1998b; Coles and Raulet, 1994; Coles and Raulet, 2000)
rather than by MHC-expressing epithelial cells, which are necessary for development
of conventional afT cells. While conventional afT cells capable of recognizing self-
agonists are usually deleted during negative selection, this does not occur to self-
reactive NKT cells. Rather, the development of iNKT cells is defective in the absence
of the endogenous ligand iGb3, a lysosomal glycosphingolipid (Zhou et al., 2004b).
Both DP thymocytes and thymic APCs can mediate negative selection of NKT cells
(Schumann et al., 2005). It appears that, in addition to CD1d expression, other specific
features unique to DP thymocytes are vital for NKT cell selection (Forestier et al,,
2003). One of these features could be the expression of signaling lymphocytic activa-

tion molecule (SLAM) family members (discussed on page 22).

After successful rearrangement of Val4Jal8 and VP chains, iNKT cell progenitors
pass from the DP stage into a developmental stage defined by the level of heat stable
antigen (HSA) expression (figure 3). HSAMe» CD4* and HSAMeh DP cells constitute the
earliest reported stage where iNKT cell commitment has occurred (Benlagha et al.,
2005). The HSAPgh cells then develop into more mature HSAlPY NK1.1-CD44lv (stage
1) cells, which are either CD4* or DN. These cells begin to divide and give rise to
NK1.1-CD44bigh  (stage 2) cells. In mice, a third of iNKT cells enter stage 3
(NK1.1*CD44bi¢h) in the thymus while the rest migrate into the petiphery to complete
this final maturation step (Pellicci et al., 2002). Expression of NK-markers such as
NKI1.1, Ly49, CD94/NKG2A over the course of several weeks is the hallmark of
stage 3. Already at stage 1, iINKT cells have acquired the ability to produce high levels
of IL-4 but this ability is diminished as the cells mature, to finally be eclipsed by IFN-y
production at stage 3 (Benlagha et al., 2002; Matsuda and Gapin, 2005; Pellicci et al.,
2002). During stage 3, iNKT cells also upregulate CD122, which forms part of the
receptor for both IL.-2 and IL-15, consistent with the mature NKT cells’ dependency

on IL-15, but not on TCR signaling, for survival in the periphery and homeostatic
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proliferation (Ranson et al., 2003). This is supported by the fact that NK1.1* TCRB*
cells are decreased in II.-15/-, IL.-15Ro/-, CD1227/- mice (Matsuda et al., 2002)
(Ranson et al., 2003) (Lodolce et al., 1998; Ohteki et al., 1997). iNKT cell-intrinsic
expression of the transcription factor T-bet, which is critical also for Thl
differentiation, is required for iNKT cells to successfully pass from stage 2 to stage 3
of development. CD122, which is under the control of T-bet is transiently upregulated
between stage 2 and 3. In T-bet’/- mice, the developmental block at stage 2 could be
due to the inability of iNKT cells to respond to IL-15 (Matsuda et al,, 2002)
(Townsend et al., 2004). During the final maturation of iNKT cells, T-bet appears to
function as master regulator inducing the expression FasL, CCR5, CXCR3, CD122,
and together with TCR/IL-2 signaling also granzyme B, perforin, IFN-y, RANTES/
CCL5 and NK1.1 (Matsuda et al., 2000).

expansion
expansion expansion emigration
J iNKT cells | |
DN HSAhigh HSAhigh HSAlow HSAlow HSAlow
DP CD4/DP*¥  CD4/DN CD4/DN mainly CD4
CD44low CD44high CD44high
{ NK1.1° NK1.1° NK1.1*
L4 IL4/IFNy IFNy
CD122
Ly49
NKG2
: CD9%4
conventional B4
ofT cells

Figure 3. Phenotyic changes during thymic development of iNKT cells (adapted from
Matsuda and Gapin, 2005)

Several intracellular signaling pathways have been shown to be required for iINKT cell
development, such as the NF-kB pathway. In order for development to proceed

normally certain Rel/NF-kB family members must be intrinsically expressed by the
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iNKT cells, such as inhibitor of kB kinase 2 (IKK2), and NF-kB p50, while the

expression of others, RelB and NF-kB p52, are required in thymic stroma cells

(reviewed in (Matsuda and Gapin, 2005)).

The lymphotoxin (IT) signaling pathway is also critical for development of NK1.1*
TCRP*, INKT, and NK cells but not conventional MHC-restricted affT cells. LTa1p32
expressed on INKT cells is required to bind LTP teceptors (LTPR) expressed on
thymic stroma cells. This triggering of LTBR leads to the activation of the transctiption
factor RelB, possibly through activation of NF-kB inducing kinase (NIK) in the
stroma cell. It’s not known exactly how this signaling pathway promotes NKT cells

differentiation but it appears to be important during the later stages of development

(Franki et al., 2005).

Another signaling pathway crucial for NKT cell development was unraveled when
NKT cells were found to be absent in mice lacking either the Stc kinase FynT or
SLAM-associated protein (SAP). A number of studies have helped divulge the link
between FynT and SAP. SLAM is expressed on the surface of both DP thymocytes
and NKT cells but not thymic epithelial cells. SLAM is known to engage in homotypic
interactions, upon which SLAM surface receptors associate with intracellular SAP,
which in turn interacts with FynT, which can act as a link in two separate signaling
pathways. FynT can induce inhibition of the Ras-MAPK pathway, which is activated
by antigen, cytokine, or growth factor stimuli. This reduction of activation signal
strength could be involved in avoiding deletion of NKT cells during negative selection.
FynT can also act as a link to the PKCO-Bcl10-NF-kB pathway which is engaged in
TCR signaling and possibly in SLAM signaling as well. Thus, SAP/FynT signaling,
possibly induced by SLAM-SLAM interactions between NKT cells and DP
thymocytes, is involved in normal NKT cell development (reviewed in (Sandberg and

Ljunggren, 2005) and (Borowski and Bendelac, 2005)).

Proteins required for appropriate antigen processing and presentation on CD1d have

also been shown to be important for iNKT cell development. Among these proteins
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are: the lysosomal protease cathepsin L. (Honey et al., 2002), a precursor of endosomal
lipid transfer proteins called prosaposin (Zhou et al., 2004a), and Niemann-Pick Type
C1 protein (NPC1) involved in lipid trafficking between endosome and lysosome
(Sagiv et al., 2000).

Additional gene deficiencies that have relatively little effect on conventional affT cells
but are requited for INKT and NK1.1* affT cell development are: AP-1 (Williams et

al., 2003) and the transcription factors Ets1 (Walunas et al., 2000), Runx1, and RORyt
(Egawa et al., 2005).
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CD1d, THE ANTIGEN PRESENTING MOLECULE OF NKT CELLS

Antigen recognition by B cells and T cells

B and T cells of the adaptive immune system must efficiently recognize pathogens and
malignantly transformed cells in order to perform their functions. The BCR and TCR
are crucial for this recognition. B cells can bind unprocessed antigen using BCR. In
contrast, TCR on affT cells can only recognize fragments of processed antigen in the
context of antigen presenting molecules expressed by surrounding cells. The antigen
presenting molecules of conventional affT cells are called MHC class I and II
molecules, and are absolutely required for the development and function of
conventional CD8* and CD4* affT cells, respectively (teviewed in (Rudolph et al.,
2006)). The essential role of MHC in the immune system becomes apparent through
the evolutionary conservation of the MHC class I and 1I genes, which ate found in all

jawed vertebrates; including mammals, birds, reptiles, cartilaginous fish and bony fish

(Flajnik and Kasahara, 2001).

The CD1 family

In contrast to conventional afT cells, NKT cells recognize antigens presented by
CD1d molecules. The number of CD1 genes or isoforms varies between species, with
humans having 5 isoforms (CD1a-e) while mice and rats only carry CD1d. However,
regardless of how many isoforms a species has, evolutionary pressure has made sure
that all compartments of the intracellular trafficking route are sampled (figure 4). The
trafficking route of an antigen presenting molecule determines the type and origin of
the presented antigen, as different compartments of the intracellular trafficking route
contain antigens from different sources. MHC class I and II molecules sample
compartments containing cytosolic and endosomal antigens, respectively. In human,
CD1a-d, and in mouse, CD1d, monitor what antigens are present in the endosomal or

lysosomal compartments (reviewed in (Brigl and Brenner, 2004)).
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Figure 4. A schematic view of the intracellular trafficking of CD1a-d (adapted from
Brigl and Brenner, 2004)
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Structure and expression pattern of CD1d

CD1d shares features with both MHC class I and II molecules. The intron/exon
structure and protein organization of CD1d is similar to MHC class I, in that the
CD1d heavy chain associates with f2-microglobulin to form a heterodimer. In contrast
CD1d can load antigen in the endosomal pathway, which is similar to MHC class 1I
molecules. The antigen-binding groove of CD1d is deep and the two pockets are lined
with hydrophobic residues, making it ideal for binding alkyl chains of lipids, glycolipids
and lipopeptides while the more polar parts of the ligand is left accessible for binding
by the TCR (reviewed in (Calabi and Milstein, 2000) (Brigl and Brenner, 2004)).

CD1d is expressed throughout the body, being observed on all haematopoietic cells; at
lower levels on peripheral lymphocytes and at higher levels on macrophages,
monocytes, MZ B cells, thymocytes, and subsets of DCs. CD1d has also been
observed on hepatocytes, keratinocytes, some fibroblasts and inconsistently on gut

epithelium (Exley et al., 2000; Park et al., 1998; Spada et al., 2000; Swann et al., 2004).



Evolutionary conservation of CD1 and NKT cell reactivity

CD1 genes are evolutionary conserved and are present in all mammals investigated to
date, which includes cow, guinea pig, human, mouse, pig, rabbit, rat, rhesus macaque,
sheep, and wild boar (Brigl and Brenner, 2004). Recently, a CD1 isoform was
described also in red jungle fowl and domestic chicken, which indicates that the origin
of CD1 pre-dates the divergence between birds and mammals, showing that CD1 was
patt of the early foundations of the adaptive immune system (Maruoka et al., 2005;
Miller et al., 2005; Salomonsen et al, 2005). Murine iNKT cells recognize a
glycosphingolipid, a-galactosylceramide (aGalCer), presented on human CD1d and

vice versa, indicating that the reactivity of INKT cells for aGalCer is unusually
conserved. There are very few examples of this type of interspecies cross-reactivity for
T cells, indicating that conservation of iNKT cell reactivity is particulatly important for

maintaining host survival (Brossay et al., 1998a)
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LIGANDS PRESENTED ON CD1D

As CD1d sequesters only the hydrophobic part of its ligand, this puts few or no limits
on the composition of the ligand’s polar region, allowing CD1d to present ligands of
very varied appearance. And indeed, as the field has developed, CD1d ligands have
been shown to be of both endogenous and exogenous origin, including lipids,
glycolipids, and lipopeptides. Though the origin of the various NKT cell ligands is
diverse, structural similarities between the identified ligands become apparent upon

comparison (figure 5).
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Figure 5. Antigens presented by CD1d and recognized by NKT cells

The first identified NKT cell ligand

In November of 1997, the first NKT cell ligand was identified and shown to activate
all INKT cells. A CD1d bound ceramide, called o-galactosylceramide (aGalCer)
induced iNKT cells to proliferate, produce I1I.-4 and IFN-y, and lyse target cells both
in mouse (Kawano et al, 1997) and in human (Spada et al, 1998). It was thus

discovered that INKT cells recognized glycollipid antigens in contrast to conventional
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ofT cells which recognize peptides. aGalCet, otiginally detived from the marine
sponge Agelasphins mauritanus, was identified during a screen for substances with
anti-metastatic effects (Kobayashi et al., 1995). aGalCer is unusual as it contains a
sugar moiety with an ai-anomeric conformation, which is important for the substance’s
iNKT cell-activating properties. As human and murine iNKT cells recognize aGalCer
regardless if it is presented by human or murine CD1d, this suggests that conservation
of iNKT cell reactivity is important (Brossay et al., 1998a). However, it is improbable
that this evolutionary conserved reactivity has developed as a protection against marine
sponges. Thus, aGalCer probably mimics another natural NKT cell ligand. Though o.-
anomeric sugars are rare in normal mammalian and microbial structures (Kawano et
al., 1997), aGalCer have certain similarities to structures found in Sphingomonas
bacteria (KKawasaki et al., 1994) and it has recently been shown that NKT cells do
recognize lipid antigens from Sphingomonas (see below), leading to the idea that

aGalCer mimics a microbial antigen.

NKT cells recognize endogenous ligands

A remarkable feature of NKT cells is their apparent self-reactive nature. In contrast,
self-reactive conventional affT cells are generally deleted in ordetr to prevent
autoimmune reactions. Early papers showed that CD1d ligands could be of
endogenous origin, as NKT cells were stimulated by CD1d* APCs in the absence of
exogenous antigen (Bendelac et al, 1995) (Cardell et al, 1995). Also endogenous
peptides containing hydrophobic binding motifs could be bound by CD1d, and upon
presentation to CD1d-restricted CD8af* T cell lines induced lysis of target cells
(Castano et al., 1995), but subsequent accumulation of data indicated that the principle

CD1d ligands were lipid or glycolipid to their nature rather than peptidic.

The first endogenous lipid ligands were found when lipid extracts from a tumor cell
line, containing the polar lipids phosphatidylinositol (PI) and phosphatidylglycerol
(PG), were shown to stimulate both iINKT and dNKT cell hybridomas iz vitro
(Gumperz et al., 2000). Also, a disialoganglioside called GD3, that is highly expressed

by certain tumors, but generally not by normal mammalian tissue, specifically activated
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a subpopulation of iNKT cells to produce IL-4, IFN-y, and IL-10 in a CD1d-
dependent manner (Wu et al., 2003).

In 2004, two additional endogenous ligands were identified. Firstly, a lysosomal
glycosphingolipid isoglobotrihexosylceramide (iGb3) was demonstrated to be
recognized by 50% of murine and human iNKT cells. Importantly, iGb3 was the first
ligand shown to be required for normal development of iNKT cells in mouse (Zhou et
al., 2004b). Secondly, sulfatide, a myelin derived glycolipid, activated a murine ANKT
cell population in a CD1d-dependent manner. Treatment with the sulfatide was shown
to protect mice from EAE by inhibiting I1L.-4 and IFN-y production by pathogenic
myelin-reactive T cells (Jahng et al., 2004).

NKT cells recognize exogenous ligands derived from bacteria and parasites

The first natural (of a non-sponge origin) exogenous ligands were identified in 2004.
Phospatidylinositol mannoside (PIMy), a lipid found in membranes of mycobacteria,
was shown to bind CD1d and stimulate subsets of murine and human iINKT cells to
produce IFN-y but not I.-4 and lyse target cells (Fischer et al., 2004). Additionally,
lipophosphoglycans (LPG) present at the surface of the protozoan parasite
Leishmania donovani, wete shown to bind CD1d and induce murine hepatic iNKT
cells to produce IFN-y (Amprey et al., 2004). A year later, glycosphingolipids from cell
wall of Sphingomonas species were shown to induce a majority of human and 25% of
murine iINKT cells to proliferate and produce IFN-y. Sphingomonas is a LPS-negative
bacterium, common in soil, seawater and plants (Kinjo et al., 2005) (Mattner et al.,
2005) (Sriram et al., 2005) (Wu et al., 2005). These data clearly show that NKT cells
can recognize processed antigens from pathogens, indicating a role for NKT cells in

immune responses directed against pathogens.
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FUNCTIONAL CAPACITY OF NKT CELLS

When a NKT cell is activated it has the capacity to perform different effector
functions. What effector function the NKT cell ultimately performs is probably
decided by many different factors; what kind of activating signal the cell receives (TCR
dependent or independent, or a combination of the two), what kind of cells the NKT
cell is interacting with, in what tissues and local milieu the activation event occurs, and
to what NKT cell subset the cell belongs to a.s.o. NKT cells can respond to activation
by secreting cytokines, proliferating, performing cytolysis, but also depletion of NKT

cells has been widely described.

Production of Cytokines and proliferation

A characteristic feature of NKT cells is the production of a diverse array of cytokines,
including IL-2, IL-4, IL-5, 11.-10, IL-13, INF-y, GM-CSF, and TNF-a. (Kronenberg,
2005). However, NKT cells are especially noted for their very rapid production of
large amounts of 1L-4 and IFN-y upon stimulation, with mRNA and protein levels of
the two cytokines being substantially increased already by 30 and 90 minutes after
activation, respectively (Yoshimoto and Paul, 1994) (Amprey et al., 2004). This rapid
production can be explained by the high levels of acetylation of histones surrounding
the IFN-y and IL-4 promoters, which allows transcription factors greater access to
these loci. While NKT cells do not store cytokine protein, they constitutively express
substantial amounts of mRNA for both IFN-y and IL-4, and ate thereby poised for
rapid transcription and secretion of the cytokine protein. This is in sharp contrast to
naive MHC-restricted T cells, which lack constitutive presence of cytokine mRNA

(Stetson et al., 2003).

In addition to being poised for cytokine production, compared to conventional T cell
clones, NKT cells are present in tissues at much higher frequencies. Therefore, NKT
cells do not have the same need as naive conventional ofiT cells to proliferate in order
to reach sufficient numbers to have an effect in an ongoing immune response. Thus,

NKT cells are not dependent on clonal expansion to perform effector functions.
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However, NKT cells do proliferate upon activation. iNKT and NK1.1* afT cells have
been shown to proliferate robustly iz vive and in vitro upon TCR or IL-12
stimulation (Kawano et al., 1997) (Eberl and MacDonald, 1998) (Spada et al., 1998)
(Leite-De-Moraes et al., 1999) (van der Vliet et al., 2001). After the expansion phase,
NKT cell numbers are observed to return to steady state levels within a few days

(Wilson et al., 2003).

Apoptosis and receptor down-modulation

It has been a widely observed phenomenon within the NKT cell field that activation
may induce a rapid disappearance of both iNKT and NK1.1* af§T cells followed by a
repopulation phase. Repopulation was thought to depend on proliferation of NK1.1+
ofT cells in the bone marrow with subsequent migration of the offspring into the
depleted organs (Ebetl and MacDonald, 1998) and activation induced cell death
(AICD) was believed to be one of the main occurrences responsible for the depletion.
Already in 1997, it was shown that 7z vitro activation of CD4+ NKI1.1* splenocytes
led to a transient down modulation of surface NK1.1 expression (Chen et al., 1997)
suggesting that part of the observed depletion of NKT cells could be due to activation-
induced down-modulation of the defining marker NKI1.1. In 2000, a NKI1.1-
independent manner of identifying NKT cells was introduced; using aGalCet-loaded
CD1d-multimers, iNKT cells could be directly identified (Matsuda et al., 2000)
(Benlagha et al., 2000). A subsequent illuminating study, showed that within hours of

aGalCer in vivo or in vitro treatment, both NK1.1 and TCR were rapidly down-

regulated by iNKT cells, though numbers of Val4-Jal8 mRNA transcripts were
retained. Additionally, the splenic iNKT cells were found to be competent to go
through multiple rounds of division, repopulating the NKT cell-depleted spleen in a
bone marrow-independent manner, in contrast to the previous results of Eberl et al
(Wilson et al., 2003). Wilson et al. showed that bone marrow is the only site where
some NK1.1 expression is retained upon activation of NKT cells. Thus, bone marrow
would be the only site where Eberl et al. would have observed sufficient numbers of
NK1.1* CD3* cells proliferating after activation. In summary, the apparent loss of

NKT cells upon activation with aGalCer is due in part to AICD and in part to down

31



modulation of defining markers such as TCR and NK1.1 while the contribution of

emigration of NKT cells has not been examined. Keep in mind that aGalCer is an

artificial ligand and may not be representative of natural activation (see paper III).

Cytotoxicity

Upon activation, human iNKT cells have been shown to exert perforin-, granzyme B-,
and TRAIL-mediated cytolysis of tumor cells (Kawano et al., 1999) (Nieda et al., 2001)
(Metelitsa et al., 2003). In addition, human iNKT cells express granulysin, which was
shown to be important for cytolysis of mycobacteria-infected monocytes (Gansert et
al., 2003). In the studies where it was tested, cytolysis of target cells was dependent on
CD1d-expression by target cells. Also murine NKT cells have been shown to induce
cytolysis of target cells upon activation. Interestingly, activated murine iNKT cells
induced perforin-mediated cytolysis of tumor cells, in a manner suggested to be CD1d-
independent (Kawano et al., 1998). In addition, FasI.-mediated cytolysis was observed
to be utilized by murine NK1.1* afT thymocytes for spontanecous killing of DP
thymocytes (Arase et al., 1994) and by murine hepatic NK1.1* afT cells for killing of

hepatocytes and tumor cells (Nakagawa et al., 2001).
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WAYS OF ACTIVATING NKT CELLS

Just as NKT cells can perform different effector functions, they can also receive the
activation-inducing signals through different kinds of receptors. The primary ways of
activating NKT cells is signaling through the TCR or involvement of NK receptors,
but additional less studied stimulatory and co-stimulatory receptors also play a role in

activating NKT cells.

TCR and co-stimulatory receptors

Just like conventional MHC restricted T cells, NKT cells become activated upon TCR
stimulation. NK1.1* afT and iNKT cells were shown to rapidly produce 1L-4 and
IFN-y upon stimulation through TCR (Arase et al., 1993) (Yoshimoto and Paul, 1994)
(Kawano et al., 1997). NKT cells ate also dependent on co-stimulation for optimal
function. iNKT cells constitutively express CD28 and will upon aGalCer treatment
up-regulate CD40L. Block of CD28 or CD40L signaling inhibits IFN-y production by
iNKT cells and aGalCer-mediated cytotoxicity. In contrast, iNKT cell IL-4 produ-
ction is dependent only on CD28 but not on CD40L signaling (Hayakawa et al., 2001).
Another co-stimulatory receptor, glucocorticoid-induced TNF receptor (GITR) is
constitutively expressed by NK1.1* affT cells, as well as being up-tegulated upon
aGalCer treatment. GITR-signaling enhances aGalCer-induced proliferation and
production of IL-4, IFN-y, IL.-10, and IL-13 (Kim et al., 2006b). Additionally, another
co-stimulatory molecule called ICOS is constitutively expressed by iNKT cells. It has
been shown that in the absence of ICOS, iNKT cells produce less II.-4 and IFN-y

upon TCR stimulation and exhibits lower levels of cytotoxicity (Kaneda et al., 2005).

NK-receptors

NKT cells also express NK receptors, capable of inducing stimulation or inhibition of
NKT cells. Activating NK receptors can act both as stimulatory and co-stimulatory
molecules, which is observed for the NKR-P1 family. The NKR-P1 family has only
one member in human, NKR-P1A, while mouse can boast of three, NKR-P1A-C.
Cross-linking of the activating receptor NK1.1/NKR-P1C on murine splenic NK1.1+
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CD3* cells was found to induce production of substantial amounts of IFN-y but no
IL-4 (Arase et al., 1996). Additionally, NK1.1 association with FcRy was crucial for
NKI1.1* CD3* thymocytes to produce IFN-y upon NK1.1 cross-linking (Arase et al.,
1997). Another family member, CD161/NKR-P1A was obsetved to act in a co-
stimulatory manner by enhancing production of II.-4 and IFN-y and proliferation of
human iNKT cells, induced by CD3-cross-linking or CD1d-expressing B cells. In the
same system, another NK-receptor CD94/Klrd1 was shown to have similar enhancing
effects upon CD3-cross-linking but no appatent role during stimulation with CD1d-

expressing B cells (Exley et al., 1998)

The Ly49 receptor family, constituted of the 23 Ly49A-W members, consists of both
inhibitory and activating receptors, which recognize specific allelic versions of MHC
class T molecules or viral MHC class I like ligands ~ (Dimasi and Biassoni, 2005).
dNKT cells, from the 240 transgenic mouse, exhibited reduced proliferation upon
activation when expressing inhibitory Ly49A receptors (Skold and Cardell, 2000). This
data was confirmed when a subsequent study showed that upon activation with
0GalCer, NK1.1* afT cells expressing inhibitory Ly49A/C/1/G2 teceptors also
proliferated less, suggesting that once the inhibitory Ly49 receptors recognize MHC
class T on the aGalCer-presenting APCs, the TCR-mediated activation of the NKT
cell is inhibited (Maeda et al., 2001).

Toll like receptors

Toll like receptors (TLR)s are receptors which recognize conserved pathogen
structures and are commonly found among innate immune cells. iNKT cells have been
shown to express TLR4 and injection of the TLR4 ligand, LPS, induces hepatic iNKT
cells to produce I1.-4 but not IFN-y, independent of I1.-12 (Askenase et al., 2005).
Similatly, 7# vitro stimulation with lipoprotein, which is a ligand of TLR2, induces
hepatic NK1.1* affT cells, which express TLR2 mRNA, to exptess FasL. FasL has
been shown to be involved in the NKT cell-mediated liver damage associated with
Escherichia coli (Shimizu et al., 2002) and Sa/monella infections (Hiromatsu et al.,

2003).
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Cytokine stimulation

Also cytokines can induce activation of NKT cells. IL.-12 treatment increased NK1.1
expression on hepatic NK1.1* TCRi" cells, enhanced cytotoxicity against tumor cell
lines, and prevented metastases. Protection from metastases depended on NK1.1 and
CD3 but not CD8 expressing cells (Hashimoto et al., 1995) (Takeda et al., 1990).
Additionally, in vitro 11.-12+IL-18-stimulation, in the absence of TCR cross-linking,
induced DN NK1.1* afT thymocytes to produce IFN-y (Leite-De-Moraes et al.,
1999). Further, NK1.1* CD3" cells activated 7# vitro with IL-12+11.-18, were induced
to produce 1L-2 and IFN-y, which was crucial in collaboration with NK cells, for

restricting tumor growth 7z vivo (Baxevanis et al., 2003).
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NKT CELL INTERACTIONS WITH IMMUNE CELLS

Reciprocal activation of and by dendritic cells

Numerous studies have shown that NKT cells and DCs will reciprocally activate one
another upon a single alGalCer administration. a.GalCer presented by DCs activated
NK1.1* affT cells to produce IFN-y and the NK1.1* affT cells then in a CD40L-
dependent manner reciprocally activated the DCs to produce IL-12 (Kitamura et al.,
1999). iNKT cells were also shown to produce 1I.-4 and IFN-y upon interaction with
aGalCer-presenting DCs, while simultaneously inducing activation and maturation of
the DCs as shown by up-regulation of surface expression of MHC II, CD40, CD80,
and CD86 and increased production of I1L.-12 (Fujii et al., 2002; Fujii et al., 2003).

iINKT cells also have the ability to induce regulatory properties in DCs. Repeated
injections of aGalCer caused iNKT cells to produce I1.-10, which in turn induced II.-
10 production in CD8o DC and reduced 1L-12 production in the CD8a* DCs. These
changes led to suppression of pathogenic CD4* T cells in an EAE model (Kojo et al.,
2005). iNKT cells have also been shown to induce recruitment of DCs in an
autoimmune diabetes model. NOD mice injected repeatedly with aGalCer were
protected from development of diabetes due to iNKT-dependent recruitment of
tolerogenic CD8a- DCs into pancreatic LN. In the pancreatic LN, the pathogenic T
cells either went into apoptosis or became tolerized (Naumov et al., 2001) (Chen et al.,

2005).

B cells as antigen presenting cells

B cells can modulate the cytokine production of NKT cells in a manner distinct from
other APCs. aGalCer presented on a non-DC population blocked aGalCer-DC
induced IFN-y production by NKT cells (Fujii et al., 2002). Three years later, the non-
DC population was identified as B cells, hypothesized to be expressing an iNKT cell
inhibitory cell surface molecule. This study also showed that different APCs influenced

the composition of the cytokine repertoire of the responding NKT cell. Thus,
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aGalCer presented by DCs induced production of both IL.-4 and IFN-y, aGalCer
presented by B cells induced production of only IL.-4, while neither cytokine was

induced when hepatocytes or macrophages acted as APCs (Bezbradica et al., 2005).

Two in vitro studies showed that human iINKT cell clones could provide help for B
cells; inducing B cell proliferation and antibody production even in the absence of
exogenous antigen suggesting that NKT cells recognize an endogenous antigen
presented on CD1d on B cells (Galli et al., 2003a; Galli et al., 2003b). Additionally, it
has been suggested that B cells more efficiently present ligands on CD1d subsequent
to BCR interaction with the ligand. This hypothesis was based on data showing that
BCR-interaction with modified aGalCer, enhanced uptake of modified aGalCer to
CD1d-containing organelles, leading to a CD1d-dependent 100-fold increase in
activation of iNKT cells (Lang et al., 2005).

Providing help for B cells

While B cells are generally not dependent on NKT cells for proper function, a number
of studies have shown that antibody production in certain models is dependent on
CD1d, suggesting that NKT cells can give B cell-help; inducing B cell expansion and
antibody production. CD1d dependency was shown when CD1d”/- mice immunized
with polysaccharides from Steptococcus pneunmoniae failed to develop an IgG
response (Kobrynski et al., 2005). Likewise, CD1d”- mice infected with Borrelia
bermsii bacteria had a diminished production of protective Borrelia specific IgM
antibodies by MZB cells (Belperron et al,, 2005). IL.-4 produced by oGalCer-
stimulated NKT cells has been demonstrated to be instrumental in B cell activation
and antibody production (Kitamura et al., 2000). CD1d-dependent recognition of the
GPI moiety of a Plasmodium berghei-derived protein was required for production of
IgG antibodies specific for the protein part. The IgG production depended on IL.-4
produced by NK1.1*CD4* affT cells (Schofield et al, 1999). Finally, a contact
sensitivity model showed that production of IgM by B1 B cells was dependent on 11.-4
produced by hepatic NKT cells (Campos et al., 2003).
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NKT cells rapidly activate NK cells

Activated iINKT cells can rapidly activate NK cells to produce IFN-y, proliferate, and
perform cytolytic actions. Two studies showed that aGalCer-activated iNKT cells
induced NK cells to upregulate CD69, produce IFN-y, and exhibit cytolytic functions,
in a CD1d- and IFN-y-dependent manner while NK cell proliferation was dependent
on CD1d and either IFN-y or IL-12 (Carnaud et al., 1999; Ebetl and MacDonald,
2000). Recently, iNKT cell-dependent activation of macrophages, which induced
secretion of 11.-12, was shown to be important for optimal IFN-y production by NK
cells. Macrophages do not need to express CD1d in order to participate in NK
activation, indicating that NKT cells activated macrophages in an antigen-independent
manner (Wesley et al., 2005). Similarly, in a human iz vitro system, aGalCer-activated
iNKT cells induced potent NK cell cytotoxicity against tumor cells, in an IL-2 and

IFN-y dependent manner (Metelitsa et al., 2001).

Modnlating macrophage function

iINKT cells can activate and induce macrophages to produce IL-12, without
requirement of CD1d expression on the macrophage (Wesley et al., 2005). iNKT cells
can also induce survival signals in macrophages as iINKT were shown to be necessaty
for sufficient expression of the anti-apoptotic HSP65 in macrophages during
Leishmania infection (Ishikawa et al, 2000). IL-13 produced by NKT cells in a
mammary tumor model suppressed macrophage polarization into iINOS-expressing

M1 macrophages necessary for efficient tumor control (Sinha et al., 2005).

Recruitment of neutrophils

NKT cells can recruit neutrophils into infected tissue. NKT cells mediate recruitment
of neutrophils into the lung by promoting MIP-2/CXCL2 production during the eatly
stages of P. aeruginosa and S. pueumoniae infections (Nieuwenhuis et al., 2002)

(Kawakami et al., 2003).
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Indirect modulation of effector T cell function

Activation of iNKT cells induces CD4" T cells and CD8" T cells to differentiate into
effector cells as was shown in studies where aGalCer and antigenic protein was co-
administered, which induced DCs to prime antigen-specific CD8* T cells into CTLs in
a CD4* T cell-independent manner, to polarize CD4* T cells into Th1 cells, and to
increase cross-presentation of protein to CD8* T cells (Stober et al., 2003) (Fujii et al.,
2003) (Hermans et al., 2003). Activation of hepatic iNKT cells is required for
recruitment into tissue of the effector T' cells responsible for the classical late phase of
contact sensitivity and delayed-type hypersensitivity (reviewed in (Askenase et al,
2004)). In an autoimmune diabetes model, iINKT cells were instrumental in anergizing
autoreactive CD4* T cells, which resulted in protection from diabetes development. In
this model the autoreactive CD4* T cells were primed in the pancreatic LN but failed
to differentiate into IFN-y producing effector cells (Beaudoin et al., 2002). Later it was
shown that cell-to-cell contact between the iNKT cells and autoreactive CD4" T cells

and/or APCs was necessary for immuno-suppression to occur (Novak et al., 2005).

Reciprocal activation of and by regulatory T cells

The substantial amount of IL-2 produced by aGalCer or CD3+CD28 activated
human CD4* iNKT cells, induces proliferation of allogenic DC-stimulated CD25*
CD4" regulatory T cells (Jiang et al., 2005). In a murine model of experimental
autoimmune myasthenia gravis, aGalCer administration inhibited disease-development
and induced CD25% CD4* regulatory T cells to proliferate, up-regulate Foxp3 and bcl-
2, and enhanced inhibition of autoreactive T cell-proliferation, suggesting a modulation

of CD25% CD4* regulatory T cell-function by iNKT cells (Liu et al., 2005).

CD25" CD4* regulatory T cells were also shown to modulate the activity of NKT
cells. In a human system, CD25" CD4* regulatory T cells suppressed iNKT cell
proliferation and cytokine production, in a manner dependent on cell-to-cell-contact,
involving ICAM-1 interactions (Azuma et al., 2003). NKT cell cytolysis of tumor cells
was also abrogated by CD25%* CD4" regulatory T cells, both 7# vitro and in vivo
(Azuma et al., 2003; Nishikawa et al., 2003).
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NKT CELL SUBSETS

How NKT cells can selectively modulate either a Thl or Th2 response when they
simultaneously produce both Thl and Th2 cytokines is not understood. As has been
described above, NKT cells have the capacity to perform a wide range of different
effector functions upon activation. What effector function an activated NKT cell
chooses to petform, is believed, at least partly, to be dependent on the kind of
stimulatory and inhibitory signals the NKT cells have received. An additional
explanation is the existence of multiple functional subsets of NKT cells, each equipped
with a specific functional program, which influences how the subset will react to
external stimuli. Over the last few years, functional data has accumulated in support of

the existence of these NKT cell subsets.

Defining NKT cell subsets

The NKT cell population can be divided into subsets based on the composition of the
TCR or expression of co-stimulatory markers. Two NKT cell subsets have been
described in mice and human; the iNKT cell subset which is phenotypically and
functionally distinct from the remaining NKT cells, which collectively have been
termed dNKT cells. Thus, this division depends on whether the nature of the TCR
repertoire is invariant (i) or diverse (d). iINKT cells utilize a TCRa chain of a Va14-
Ja18 composition in mouse and a Va24-JoQQ composition in human, paired with a
limited set of TCRP chains; in mouse generally VB8, VPB7 or VP2 chains, while in
human the VP11 chain is preferentially used. At this point, INKT cells encompass all
NKT cells that do not use a Val4-Ja18/Va24-JaQ TCRa rearrangement. As the
NKT cell field is further explored, it is probable that additional subsets using restricted
TCR repertoires, though of a non-Vol4-Jal8 type, will be identified among the
dNKT cells. This hypothesis is supported by the observation that among dNKT cells,
certain TCRa and TCRP chains appear to be recurrently used (Behar et al., 1999; Chiu
et al., 1999) (Park et al., 2001). It has also been shown that human and murine INKT
cells can be divided into subsets based on expression of CD4 and CD8. Though the
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functional difference between these iNKT cell subsets is apparent in human

(Takahashi et al., 2002) it is less well documented in mouse.

dNKT and iNKT cells

dNKT and iNKT cells share NKT cell-characteristics; such as dependency on CD1d
(Cardell et al., 1995) (Behar et al., 1999; Chiu et al., 1999), recognition of endogenous
ligands (Bendelac, 1995) (Catdell et al., 1995) (Behar et al., 1999), an activated memory
phenotype (Skold et al., 2000) (Park et al., 2001), and prompt secretion of cytokines
(Stenstrom et al., 2004) (Behar et al.,, 1999). However, there are clear differences
between the two subsets; INKT cells express CDG69, are CD4* or DN, and produce
both IFN-y and IL.-4, while ANKT cells express CD49b, are predominately DN and

produce high levels of IFN-y but only low levels of IL-4 (Stenstrom et al., 2004).

Identification of ANKT and iNKT cells

iNKT cells can be directly identified using an aGalCer-loaded CD1d-multimers, which
directly binds all NKT cells expressing the invariant TCR. Additionally, the effect of
INKT cells in various functional systems can be studied using a Voal4 transgenic
mouse (Bendelac et al., 1996), which over-expresses iNKT cells or a Ja18/- mouse,
which lack all INKT cells (Cui et al., 1997). In contrast, there exist some difficulties in
identifying ANKT cells, as dNKT cells do not recognize aGalCer (Makowska et al.,
2000) (Gumperz et al, 2000) and the probable presence of several dNKT cell
populations also suggests that it is unlikely that a common dNKT cell ligand that is
specifically recognized by all ANKT cells exists. Without such as ligand, direct
identification of the total dNKT cell population using a CD1d-multimer is not
possible, ensuting that the distinct ANKT cell populations will have to be examined
separately. One ligand, a myelin derived sulfatide, has been shown to specifically
activate a dNKT cell population in human and mouse. In mouse, 4% of liver
lymphocytes and 0.2% of splenocytes and thymocytes were sulfatide-specific ANKT
cells (Jahng et al., 2004). This is the first AINKT cell unique ligand to be identified and
using a sulfatide-loaded CD1d-multimer these cells can be directly stained. The

majority of the functional data pertaining to dNKT cells has been obtained in an
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indirect manner by compating results from CD1-/- mice (Mendiratta et al., 1997) and
Jo187/- mice. In addition, the transgenic 240 mouse with increased presence of
dNKT cells using a2 Va3.2/VB9 CD1d-testricted TCR (Skold et al.,, 2000) and the
CD1d-restricted Va4.4/VP9 transgenic mouse (Zeng et al, 1998) can be used to
directly study these ANKT cell types.

Function of dNKT cells

The concept of INKT and dNKT cells having different functional capacities is
supported by a number of studies, several of these describing a pro-inflammatory
function for NKT cells. The first study showed that CD1/- mice but not Ja18~/- mice
were more susceptible to diabetogenic encephalomyocarditis virus (ECMV-D),
suggesting a protective role for dNKT cells but not for iNKT cells. Resistance is
known to be dependent on II.-12 and IFN-y, implying that ANKT cells promote a
protective inflammatory response (Exley et al, 2001). A second viral study
demonstrated that during a Hepatitis B Virus (HBV) infection, in a transgenic transfer
mouse model, hepatic NK1.1* afT cells but not iNKT cells induced the liver injury
normally associated with HBV pathogenesis. Upon infection, the hepatic NK1.1* afT
cells, in a CD1d-dependent manner, mediated liver damage and produced IFN-y and
to a lesser degree IL.-4 (Baron et al., 2002). In addition, HBV infected human patients
exhibited an up-regulation of CD1d in liver and dANKT cell clones derived from liver
of these patients were shown to produce large amounts of IFN-y and IL-13. Clones
from patients at more progressed infection stages produced I.-4 as well (Durante-
Mangoni et al., 2004). In another human system, patients suffering from ulcerative
colitis (UC), believed to have a Th2-powered pathology driven by IL-4 and IL-13,
contained increased numbers of ANKT cells in the lamina propria of the colon. These
lamina propria ANKT cells produced II.-13 that enhanced the dANKT cell-mediated
cytotoxicity of epithelial cells (Fuss et al., 2004). During a T ¢rugi infection, murine
dNKT cells appear to induce a detrimental inflaimmatory response associated with
increased levels of IFN-y and TNF-a, while the presence of iNKT dampens the
inflammation, possibly by regulating the pro-inflammatory dANKT cells (Duthie et al.,
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2005b). In contrast to above desctibed data, ANKT cells have been shown to also have
a non-inflammatory regulatory capacity. Over-expression of iNKT cells has previously
been shown to protect non-obese diabetic (NOD) mice from developing diabetes
(Lehuen et al., 1998). Recently, over-expression of dNKT cells in NOD mice has also
been observed to mediate a protective effect, demonstrating a regulatory role in
autoimmune diabetes for both subsets (Lehuen et al., 1998) (Duarte et al., 2004). Also,
a role in suppressing anti-tumor-immunity has been ascribed dNKT cells. The
suppression was shown to be dependent on TCR-CD1d interaction (Terabe et al.,
2005). Finally, treatment with sulfatide protected mice from experimental autoimmune
encephalo-myelitis (EAE) by activating a dNKT cell population, which then inhibited
cytokine production by pathogenic myelin-reactive T' cells (Jahng et al., 2004). Thus
dNKT cells are capable of mediating a diverse array of effects similar to those

mediated by iNKT cells.

Human iNKT cell subsets

iNKT cells can be divided into subsets depending on expression of the co-receptors
CD4 and CD8 (Takahashi et al., 2002). In human, the relative frequency between the
subsets varies between donors, but is generally 50% CD4*, 25% DN, 25% CD8" (Kim
et al.,, 2002b). The DN and CD8* iNKT cells are very similar to one another with
regard to chemokine receptor and NK receptor expression and cytokine production.
While all subsets produce IFN-y and TNF-a only the CD4* iNKT cells produce high
levels of 1L-2, 1L.-4 and IL-13 (Takahashi et al., 2002) (Gumperz et al., 2002). The
CD4* iNKT cells preferentially express CCR4 while DN or CD8" iNKT cells
preferentially express CCR1, CCR5, CCR6, and CXCRG6 in addition to NK receptors
such as 2B4, CD94/klrd1, NKG2A, and NKG2D (Gumperz et al., 2002; Kim et al.,
2002b; Lee et al., 2002). Thus, the CD4* iNKT cell subset appears to have a greater
potential for inducing Th2 responses while the DN and CD8* iNKT cell subsets are
more associated with NK receptor expression. A functional study has also shown that,
the CD4* but not the CD4 iNKT cell subset, produces high levels of IL-2 upon
activation, thereby enhancing proliferation of CD4+ CD25* regulatory T cells (Jiang et
al., 2005).
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NKT CELLS IN IMMUNOLOGICAL RESPONSES

Protective effects in antoimmune disorders

A protective role for NKT cells has been described in several autoimmune disorders,
such as multiple sclerosis (MS), rheumatoid arthritis (RA), systemic lupus
erythematosis (SLE), and type 1 diabetes. A general feature of both human patients
and autoimmune-susceptible mouse strains is the quantitative and qualitative defects of

the NKT cell population.

EAE is a murine MS model. SJL mice, which spontaneously develop EAE, have been
shown to have reduced numbers of NKI1.1* CD4* cells and a deficient IL-4
production (Yoshimoto et al., 1995). aGalCer can confer either protection or induce
detrimental effects depending on administration route and regime. A protective effect
was believed to be associated with an IL-4- and/or IL-10-dependent shift towatds a
beneficial Th2 response (Singh et al., 2001). Interestingly, protection from EAE
development in the iNKT transgenic mouse was associated with a strong inhibition of
IFN-y rather than a shift towards Th2. This shift was independent of 1L.-4 (Mars et al.,
2002). CD1-- mice develop mote sevete EAE, accompanied by a reduction in influx of
TGF-B1-producing cells in the CNS (Teige et al., 2004). In humans, a majority of
relapse MS patients showed a decrease in Va24 transcripts in peripheral blood

(Demoulins et al., 2003) with an accompanying decrease in IL.-4 secretion from the

DN iNKT cells (Gausling et al., 2001).

The NOD mouse strain spontaneously develops diabetes and is a frequently used
animal model for type I diabetes. The NOD mouse exhibits reduced numbers of DN
ofT thymocytes, a population entiched for NKT cells (Godftey et al., 1997) coupled
with a defective 1L-4 production among the remaining population (Gombert et al.,
1996). CD1/- NOD mice display a more severe diabetes development with an eatlier
onset compared to control NOD mice (Shi et al, 2001). Also, transgenic over-
expression of invariant TCRa (Va14) protected against diabetes development, as did

transfer of thymocytes enriched for NKT cells or transgenic NKT cells carrying a
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diverse TCRa (Hammond et al., 1998; Lehuen et al., 1998) (Duarte et al., 2004). NKT
cells are suggested to confer protection, by inducing a Th2 shift in the pancreatic islet
(Laloux et al., 2001) and by preventing auto-reactive CD4* and CD8* T cells to
develop into effector cells (Beaudoin et al., 2002). Upon oGalCer administration,
NKT cells have also been observed to induce and recruit tolerogenic DCs to the

pancreatic LNs (Naumov et al., 2001).

Mediating tolerance to foreign antigen

Oral tolerance, important for avoiding unwanted reactions to commensal bacteria and
food antigens, is defined as systemic suppression of immune reactions to antigens that
have been orally administered. CD1d”/- mice exhibit impaired induction of oral
tolerance to OVA. The Peyer’s patches (PP) and spleen of CD1d/- mice were deficient
in tolerogenic DCs, had reduced levels of IL-10 and TGF-B, and inadequately deleted
OVA-specific CD4" T cells. Adoptive transfer of iNKT cells restored oral tolerance
and the induction of tolerogenic DCs in PP and spleen, confirming a role for NKT
cells in the induction of oral tolerance (Kim et al., 2006a). A second study showed that
iINKT cells were necessary for inducing oral tolerance to nickel. iNKT cells were
suggested to, in a IL-10- and 11.-4-dependent manner, induce tolerogenic APCs, which
could then, independently of iINKT cells, induce nickel specific regulatory T cells
(Roelofs-Haarhuis et al., 2004).

NKT cells have also been shown to play a role in supporting tolerance to transplanted
grafts. iINKT cells were required for acceptance of rat pancreatic islet xenografts
transplanted into murine liver (Ikehara et al., 2000). In addition, iNKT cells were
shown to play a role in long-term tolerance to cardiac allografts, in either a IFN-y-
dependent manner (Seino et al., 2001) or an IL-4/IL-10-dependent manner (Higuchi et
al., 2002; Lan et al., 2003).

Brain, pregnant uterus, and eye are all immune privileged body sites, so called due to

the low prevalence of immune-mediated inflammation and allograft rejection at these

sites. Various mechanisms are involved in maintaining this immune privileged status,

45



such as limited or no lymphatic drainage and the presence of multiple immuno-
suppressive factors such as FasL, TRAIL, TGF-, indoleamine 2,3-dioxygenase (IDO),
complement inhibitors, and low expression of MHC class 1 (Niederkorn, 2006). The
anterior chamber-associated immune deviation (ACAID) model has been used to
delineate the complex mechanisms that contribute to the immune privilege of the eye.
ACAID was cleatly shown to be NKT cell-dependent as tolerance was lost in CD1d/-
mice but restored by transfer of NK1.1* affT cells (Sonoda et al.,, 1999). Subsequent
studies illuminated the intricate collaboration between the various immune cell types
that ACAID dependence on. Antigen introduced into the anterior chamber of the eye
is captured by F4/80" APCs (believed to be macrophages), which then enter the
circulation and within 24 hours from injection induce homing of DN NKI.1*
thymocytes to spleen (Wang et al., 2001). The ocular F4/80* APCs also home directly
to the matginal zone of the spleen where they secrete MIP-2/CXCL2, which leads to
tecruitment of NK1.1+ afT cells into spleen (Faunce et al., 2001). ACAID was shown
to critically rely on IL-10 produced by iNKT cells (Sonoda et al., 2001) as well as on
NK1.1* affT cell-secreted RANTES/CCLS5, which recruits additional F4/80* APCs
and CD8* T cells into the MZ (Faunce and Stein-Streilein, 2002). NKT cells, F4/80+*
APCs, CD1d* MZ B cells (Sonoda and Stein-Streilein, 2002), and CD8* T cells then
co-localize, resulting in generation of regulatory CD8* T cells, which can actively

suppress effector Th1 and Th2 cell function (Nakamura et al., 2003).

Beneficial and detrimental effects during tumor rejection

Upon activation with IL-12, hepatic NK1.1* TCRi" cells exhibit enhanced cytotoxicity
against tumor cell lines and reduced tumor metastases (Hashimoto et al., 1995)
(Takeda et al.,, 1996). It was found that iINKT cells were necessary for this II.-12-
induced rejection of tumors (Cui et al., 1997). Also, a.GalCer treatment induces iNKT
cell-dependent anti-tumor activity against a number of carcinomas, thymomas, and
melanomas in mice (Swann et al., 2004), but even in the absence of exogenous
activators such as aGalCer or I1.-12, iNKT cells can exhibit a crucial protective role

against tumors (Smyth et al., 2000).
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iINKT cells use a diverse battery in mediating cytotoxic killing of tumor targets,
including IFN-y, granzyme B, perforin, FasL, and TRAIL. Though NKT cells certainly
have the capacity to directly lyse tumor cells, it is believed that their major contribution
to anti-tumor immunity is the early production of IFN-y. IFN-y produced by NKT
cells is important for activation of DCs and NK cells, which together with Th1 and
CTLs, are important mediators of anti-tumor activity (Seino et al., 2005). Another
effect of IFN-y is the inhibition of angiogenesis (Hayakawa et al., 2002). Similar to
murine iINKT cells, human iNKT cells have also been shown to exhibit potent
perforin- and TRAIL-mediated cytotoxicity against tumor cells. Since activated human
iNKT cells express Fasl. and granzyme B, these molecules could potentially also be

involved in tumor cytotoxicity (Seino et al., 2005).

In contrast to above described results, detrimental effects of NKT cells in tumor
immunity have been reported as well. As CD1d”/- mice rejected fibrosarcoma and
mammary carcinoma tumors that grew in wild type mice, NKT cells were suggested to
supptess anti-tumor immunity. NKT cells appear to use different suppressive
mechanisms in these two models, II.-13 being important for acceptance of the
sarcoma but not for the carcinoma (Ostrand-Rosenberg et al.,, 2002; Terabe et al.,

2000).
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ROLE OF NKT CELLS DURING PATHOGEN INFECTIONS

NKT cells participate in the immune response to various types of pathogen such as
patasites, fungi, virus, and bacteria. The effect of this participation depends on the
identity of the pathogen as well as the genetic background of the host, with the result

that NKT cells can mediate either protective or detrimental immune responses.

Modulating immune responses during parasite infections

Trypanosoma crugi (T. cruzgi) and Leishmania (L. major, L. donovani, and L.
infantum) are two examples of intracellular parasites against which NKT cells have a
protective role. During infection with L. major, INKT cells were shown to be crucial
for expression of the anti-apoptotic 65kDa heat shock protein (HSPG65) by parasite
infected macrophages. HSP65 being a prerequisite for acquisition of protective
immunity (Ishikawa et al., 2000). The protective role of NKT cells was apparent also in
L. donovani infection, where CD17/- mice exhibited an increased disease-
susceptibility. The hepatic iINKT cells very rapidly produced IFN-y in an IL-12-
independent but CD1d-interaction-dependent manner, both in response to parasite
infection and to stimulation with L.. donovani surface lipophosphoglycans (Amprey
et al., 2004). During infection with L. infantum, human iNKT cells, but not NK
cells, produced IFN-y and efficiently killed infected immature DCs. The iNKT-cell
mediated killing was dependent on up-regulation of CD1d by the DC and the presence
of iGb3 (Campos-Martin et al., 2000). In the T. ¢ruzi model, activation of NKT cells
was shown to requite a combination of IL-12 and TCR-CD1d interaction.
Interestingly, iNKT and dNKT cells appear to have different effects on the immune
response to T. ¢ruzi; with ANKT cells inducing a detrimental inflammatory response,
while iNKT dampens the inflammation, possibly by regulating the pro-inflammatory
dNKT cells (Duthie et al., 2005a) (Duthie et al., 2005b).

Finally, Plasmodinm berghei (P. berghei), which induces murine cerebral malaria, is

a good example of a pathogen against which NKT cells have varied effect depending
on the genetic background of the host animal. In BALB/¢ mice the presence of CD1d,
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and by extension the presence of CDld-restricted cells, favours beneficial Th2
polarization in response to infection with P. berghei and subsequent resistance to
disease. Thus, a CD1d”/- mouse on this background leads to increased susceptibility to
cetebral malaria. On the other hand, on a C57Bl/6 background, the patasite induces
IFN-y production that is detrimental to the host and therefore an absence of CD1d

reduces pathology (Hansen et al., 2003).

Protective effect in fungi infection

Cryptococcus neoformas (C. neoformas) is a fungus that can cause pneumonia and
meningitis in immuno-compromised hosts. It was shown that iNKT cells accumulate
in a MCP-1/CCL2-dependent manner in the lung of C. #neoformas infected mice.
Also, mice lacking iINKT cells had an impaired ability to control the infection,

indicating a protective function of NKT cells in this system (Kawakami et al., 2001).

Diverse role during viral infections

NKT cells have been shown to confer protective immunity in several viral systems,
including infection models with: murine cytomegalovirus (CMV), herpes simplex virus
type 1 (HSV-1), respiratory syncytial virus (RSV) depending on genetic background of
infected mice, hepatitis B virus (HBV), and diabetogenic encephalomyocarditis virus
(ECMV-D). Interestingly, CD1d”/- mice wete mote susceptible to ECMV-D infection
while Jot18/- mice were comparable to controls suggesting a protective role for AINKT

cells but not for INKT cells (Exley et al., 2001).

In contrast, other viral infection models suggest that NKT cells have no crucial role in
responding immunity, i.e. infection with lymphocytic choriomeningitis virus (LCMV)
induces hepatic iNKT cells to go into apoptosis without apparent effect on the
ensuing protective immunity (reviewed in (Skold and Behar, 2003) and (Kinjo and

Kronenberg, 2005)).
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Protective and detrimental effect on anti-bacteria immune responses

Just as with other types of pathogens, NKT cells can play either a protective and
detrimental role in the immune response depending on what bacterial system is
studied. A protective role for NKT cells has been described in infection models with
Sphingomonas, Pseudomonas aernginosa (P. aernginosa), Streptococcus pneu-
moniae (S. pneumoniae), and Borrelia. In contrast, NKT cells have been shown
to have a little or no effect on the control of Mycobacterium tuberculosis infection,
though NKT cells have been shown to recognize the mycobacterial lipid PIM4. Also,
contradictory data on the role of NKT cells in Toxoplasma gondii and Listeria
monocytogenes (L. monocytogenes) infections have been reported (reviewed in
(Skold and Behar, 2003) and (Kinjo and Kronenberg, 2005)). Finally, the role of NKT

cellsin Sa/monella infection will be described in the discussion of paper I11.

The confusion regarding the role of NKT cells becomes apparent in the case of L.
monocytogenes infections. In order to clear an infection with the intracellular bactetia,
L. monocytogenes, the host must launch an efficient Thl immune response. A
protective effect of iNKT cells was suggested, as L. monocytogenes induced iNKT
cells to produce IFN-y and transfer of iNKT cells into lethally infected Rag/-y./- mice
led to prolonged survival (Ranson et al., 2005). In contrast, detrimental effect were
suggested for NKT cells as CD1d”- mice ot blocking with CD1d-mAbs induced
increases in I1-12 and IFN-y and decreases in IL-4 and TGF-B levels coupled with
unchanged or prolonged survival in infected mice compared to uninfected controls

(Szalay et al., 1999) (Arrunategui-Correa et al., 2004).

In infection models where NKT cells had a clear protective role, the cells were
generally observed to rapidly produce Thl type cytokines such as IL-2 and IFN-y
upon activation, like in the immune response to Sphingomonas (Kinjo et al., 2005)
but some studies also showed NKT cells to be involved in the recruitment of effector
cells into infected tissue. Pulmonary infection with the extra-cellular bacterium, P.
aernginosa showed that, compared to controls, CD1d”- mice had 100 times more

bacteria in lungs, reduced levels of MIP-2/CXCL2, as well as a reduced recruitment of
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neutrophils into infected lung. MIP-2/CXCL2 is secreted by activated macrophages
and is important for the recruitment of both neutrophils and NKT cells. Neutrophils
have been shown to play a central role in eliminating extra-cellular bacteria.
Interestingly, antibody-blocking of CD1d led to decreased clearance of bacteria
indicating that CD1d interaction is important for pathogen control. These data indicate
that the protective role of NKT cells could be mediated through recruitment of
neutrophil into the lung by promoting MIP-2/CXCL2 production duting the eatly
stage of P. aeruginosa infection (Nieuwenhuis et al., 2002). Another extra-cellular
bacteria against which, NKT cells were shown to have a protective role was S.
pnenmoniae, a major causative agent of pneumonia. Mice lacking iINKT cells, very
rapidly exhibited reduced amounts of MIP-2/CXCL2 and TNF-a in lung, followed by
a decline in neutrophil influx. The subsequent 10,000 fold increase in bacterial
numbers in lung, followed by the death of the majority of infected mice clearly showed
that iNKT cells had a crucial role in host survival and recruitment of neutrophils into
infected lung. Wild type mice exhibited an early MCP-1/CCL2-dependent recruitment
of iINKT cells into infected lung (Kawakami et al., 2003).

CD1d was also shown to be important for the generation of protective antibodies by B
cells in a Borrelia hermsii model. Splenic MZ B cells were rapidly activated iz vivo
during the acute phase of a Borre/ia infection and were important producers of
protective Borrelia specific antibodies. These responses were impaired in CD1d-/-
mice. In contrast, MZB cell activation was retained in Ja18/- mice, indicating that
dNKT cells might assist in the generation of protective antibodies (Belperron et al.,

2005).

In conclusion, NKT cells have been shown to play a decisive role, either protective or
detrimental, in a number of infection models. This role appears to be the result of the
NKT cells” rapid and potent cytokine production and ability to contribute to the

activation of additional participating immune cell populations.
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IMMUNE RESPONSES DURING SALMONELIL.A INFECTION

The murine Sa/monella infection system has been well-described in many aspects,
though surprisingly little was known about the role of NKT cells when we initiated our
study (paper III). In this chapter, a brief description is given of the complex and multi-
faceted immune responses the host must use to control and eradicate an infection with

Salmonella.

Salmonella enterica serotype Typhimurinm is a gram-negative facultative
intracellular bacterium. Infection with Sa/monella is naturally acquired through the
gastrointestinal tract upon ingestion of contaminated food or water. Salmonella
enters the host by crossing the intestinal epithelium and entering the lamina propria
and PP, unless the infection is contained by the immune system, a subsequent
dissemination to the draining mesenteric lymph nodes (MLN) and from there a
systemic spread to spleen and liver is observed. Sa/monella then replicates at systemic

sites before reseeding the gut (Mittrucker and Kaufmann, 2000).

Apart from gut epithelial cells, macrophages and DCs, in the sub-epithelial dome
overlying the PP, are probably the first cells to come into contact with the bacterium.
Macrophages play a dual role; their capacity for phagocytosis of the bacterium, shared
by neutrophils, is crucial for host survival, but is contrasted by their susceptibility to
Salmonella-induced manipulation into providing shelter for the bacterium from the
immune system. Bacteria are presumed to enter MLN and later blood and peripheral
organs by way of afferent lymphatics, possibly sheltered inside infected circulating

phagocytes or DCs (Srinivasan and McSorley, 20006).

TNF-0. and particularly IFN-y is crucial for clearing the infection (Nauciel and
Espinasse-Maes, 1992). IFN-y has been shown to be more important at earlier stages
of infection (Pie et al., 1997), which correlates with the idea that the main contribution
of IFN-y is the vital activation of macrophages into competent killers of ingested

bacteria (Kagaya et al., 1989). The main source of IFN-y is believed to be NK cells, but
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also T cells and B cells are thought to contribute (Mittrucker and Kaufmann, 2000).
During infection, macrophages and DCs are major producers of 11.-12 and IL.-18, both
potent enhancers of IFN-y production. IFN-y in turn will enhance 11.-12 production

resulting in a positive feedback loop (Eckmann and Kagnoff, 2001).

Phagocytes are especially important during the initial phase of the immune response
when they ingest and kill large fractions of the bacteria, thereby containing bacterial
numbers until the adaptive immune response has had time to evolve sufficiently to
clear the infection from the host. DCs in the PP can acquire Sa/monella antigens
from infected cells that have gone into apoptosis (Yrlid and Wick, 2000), thereby
gaining the ability to activate Sa/monella-specific T cells. While CD8" afiT cells are
important for secondary Sa/monella challenge only, CD4* affT cells are critical for
control of primary and secondary infection (Hess et al., 1996; Lo et al., 1999). Early
activation of Sa/monella-specific CD4* afT cells was suggested to occur in PPs and
MLN (McSotley et al,, 2002). T cells activated by DCs from PP and MLN acquired
04p7 and CCRY expression, important for T cell homing to gut, which might be
beneficial during infection with Sa/monel/la (Campbell and Butcher, 2002; Stagg et al.,
2002) (Mora et al., 2003). Immune responses of MHC restricted CD4* and CD8* afT
cells directed at Sa/monella infection generally start one week after inoculation and
reaches peak intensity one to two weeks later (McSorley et al., 2000) (Mittrucker and

Kaufmann, 2000).
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AIM OF THIS THESIS
The aim of this thesis was to expand our knowledge of what molecules are important
for the development and function of NKT cells and what functions NKT cells
perform during a Sa/monella infection. To realize these aims we aspired to answer the

following questions.

I. What gene expression signature defines the NKT cell population and what
does it imply for lineage and functional aspects? NKT cells comprise a
subpopulation of T cells with specific functional features and distinct requirements for
development and activation. To learn mote about what molecules are important for
these distinct features, we performed an unbiased and encompassing microarray study,
with the aim of defining a common NKT cell gene expression signature, shared by

both ANKT and iNKT cells.

II. What do the unique gene expression profiles of the dNKT and iNKT cell
subsets indicate with regard to subset-specific requitements for development,
activation and effector functions? The NKT cell population is comprised of several
subsets, distinguished by their differential expression of TCRs and functions during
immune responses. We hypothesize that these functional differences are due to subset-
unique functional programs, which would be appatent within the gene expression
profiles. We wished to characterize the genes comprising these profiles in order to

discover novel features relevant for development, activation and effector functions.

ITI. What role do NKT cells play in the immune response raised against a
Salmonella infection? Upon activation, NKT cells rapidly perform effector
functions, including the secretion of large amounts of immuno-regulatory cytokines,
shown to have significant impact on the outcome of numerous pathogen infections. In
order to study the role of NKT cells during a Sa/monella infection, the NKT cells
themselves were examined for localization, activation, and cytokine production, while
the effect of NKT cells on Sa/monella immunity was studied indirectly by examining

bacterial load and other immune cell populations in mice lacking NKT cells.
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THIS THESIS IN BRIEF

I. Gene expression signature of CD1d-restricted natural killer (NK) T cells.
Emma Berntman, Martin Stenstrdm, Emma Smith, Julia Rolf, Robert Mansson, Mikael

Sigvardsson and Susanna L Cardell. Manuscript

We performed microarray experiments on both dNKT and iNKT cells and identified a
set of genes shared by the two subsets but not by convetional T cells. We propose that
these genes constitute the common gene expression signature of NKT cells. Our
results suggested that NKT cells were predetermined for inflammatory and cytotoxic
actions, while sharing many similarities with NK cells in activation and function. Both
NKT cell subsets expressed chemokine and integrin genes associated with migration
into inflamed tissue as well as to specialized locations such as gut and lung. In addition,
we showed that NKT cells over-expressed LIGHT, which potentially confers a novel
way for NKT cells to induce NK cell mediated cytolysis. NKT cells were also
demonstrated to specifically over-express several transcription factors, among them
Aiolos, 1d2, and eomesodermin, who’s putative roles in NKT cell biology is important
to examine further. In addition to providing a novel insight into which molecules may
be determining NKT cell development, activation and function, the gene expression
signature of NKT cells offers information as how to best manipulate the NKT cell

population during various diseases and infections.

II. Molecular profiling of functionally distinct CD1d-restricted natural killer
(NK) T cell subsets. Emma Berntman, Julia Rolf, Hanna Stenstad, Martin Stensttém,

William Agace, Mikael Sigvardsson and Susanna L Cardell. Manuscript

The NKT cell population is comprised of several functional subsets but can be broadly
divided into two subsets, AINKT and iNKT cells, based on the expression of different
TCRs. While dNKT and iNKT cells share a common NKT cell gene expression
profile (paper I), the subsets also have unique features not contained within this
profile. Thus, we also identified two different gene sets specifically over-expressed by

the dNKT and iNKT cell subsets. Data implied that ANKT and iNKT cells carry
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distinct collections of activating and inhibitory NK receptors, indicating that the
subsets can be differentially activated. Particularly, the novel role of CRACC in NKT
cell cytotoxicity should be further studied. In addition, ANKT cells appear to be firmly
associated with Thl-type reactions while iNKT cells appear to have an enhanced
cytoxic potential together with an enhanced potential to stimulate Th2-associated
immune responses compared to dNKT cells. In the future it would be interesting to
identify genes that imprint the different functional programs in the NKT cell subsets

and to examine to what extent the different subsets are activated by non-T'CR stimuli.

IT1. The role of CD1d-restricted NK T lymphocytes in the immune response to
oral infection with Salmonella Typhimurium. Emma Berntman, Julia Rolf,
Cecilia Johansson, Per Anderson and Susanna I. Cardell. Ewur. |. Immunol. 2005.
35:2100-2109

Upon activation, NKT cells rapidly perform effector functions, including the secretion
of large amounts of immuno-regulatory cytokines, shown to have significant impact on
the outcome of numerous pathogen infections. We wished to determine how NKT
cell were affected by Sa/monella infection and what effect NKT cells had on immune
responses directed at the infection, with focus on the early phase of the infection. In
this study, bacteria were administered orally, leading to the bactetia disseminating along
the natural infection route. In order to attain an early and synchronised infection, mice
were given a lethal dose of bacteria. Thus, it was not surprising that the lack of NKT
cells was not observed to affect neither bacterial load nor the infection-induced
increases in macrophage and neutrophil presence and accompanying decreases in
frequency of B and T cells. However, we showed that NKT cells were clearly activated
by the Salmonella infection as established by increased expression of activation
markers and early production of IFN-y. Additionally, Sa/monella bacteria or LPS
induced DCs to up-regulate CD1d expression 7z vitro, though this was not observed
on the total DC populations in spleen and liver iz vivo. Additionally, infection was
shown to polarise the NKT cell cytokine profile, into a protective IFN-yhigh TT-4low

profile.
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INTRODUCTION TO PAPERS I AND II

The complex and heterogenous NKT cell population is comprised of several NKT cell
subsets, which based on the expression of different TCRs, can be divided into two
subsets, the ANKT and iNKT cell subsets. These subsets have been clearly shown to
have distinct phenotypes and functional capacities. The CD69+ CD49blew/- CD4+ /DN
phenotype, linked with the production of high amounts of IL-4 and moderate amounts
of IFN-y, separates the iNKT cells from the CD49b" and predominately DN dNKT
cells, which produce low amounts of 11.-4 and high amounts of IFN-y (Stenstrom et
al., 2004). That iNKT and dNKT cells have distinct functional properties is supported
by several studies showing that the two subsets have diverse effects in the same
experimental model system (Exley et al., 2001) (Baron et al., 2002) (Duthie et al,
2005b) (Terabe et al., 2005).

These observed functional differences between the dNKT and iNKT cell subsets
could partly be explained by the subsets expressing distinct TCRs and consequently
recognizing different ligands. The presence of an appropriate ligand could then
determine in what immunological situation the individual subsets are activated.
Additionally, the individual TCRs could impose distinct functional programs on the
NKT cell subsets during thymic differentiation. These programs would then govern
what effector functions a particular NKT cell subset could mediate. If the TCR decides
what functional program is initiated, then the dNKT and iNKT cells, which have

different TCRs, would have subset-unique gene expression signatureS.

Additionally, for several reasons iNKT cells have been more thoroughly studied than
the dNKT cells. Access to efficient tools for identifying and studying this particular
subset and its functions is one reason as is the prominent presence of iNKT cells in
mouse, where approximately 50% of all NK1.1* afT cells belong to this subset. These
tools include aGalCer, which is used to specifically activate INKT cells (Kawano et al.,
1997) (Spada et al., 1998) and when loaded onto CD1d-multimers, exclusively identi-
fies iNKT cells (Matsuda et al., 2000) (Benlagha et al., 2000). Additional important
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tools for revealing the role of iINKT cells in immune responses are the Val4
transgenic mouse (Bendelac et al., 1996), which over-expresses iNKT cells and the
Joau18/- mouse, which lack all INKT cells (Cui et al., 1997). Due to efficient use of these
instruments, great progress has been made over the last ten years in divulging the
effector functions and roles of iNKT cells in a multitude of immunological systems.
An unfortunate parallel effect of the focus on this subset is the notion that iINKT cells

are the archetypical NKT cells.

It is important to keep in mind that iNKT cells only constitute around half of the
murine NK1.1* affT cells. Though not all NK1.1* afT cells are restricted by CD14d, it
is likely that a substantial portion of the remaining cells belong to the dNKT cell
subset, as 30-80% CD1d-restricted NKT cell clones isolated from mouse express non-
invariant TCRs (Behar et al., 1999) (Chiu et al., 1999). This is supported by a study that
shows that a sulfatide-reactive ANKT cell population constitute 4% (Jahng et al., 2004)
while iNKT cells constitute 30% of liver lymphocytes in mouse (Matsuda et al., 2000),
demonstrating that ANKT cells are present in sufficiently high numbers to warrant an
increased interest. Even more striking is the low presence of iNKT cells in humans,
where studies have suggested that only 1% of NK1.1* afT cells belong to iNKT cell
subset, suggesting an even more substantial presence of ANKT cells in humans. This is
supported by studies showing that the majority of CD1d-restricted NKT cell clones
isolated from human liver express non-invariant TCRs (Exley et al, 2002). The
observation that recurting usage of certain TCR chains occur also among the ANKT
cell subsets (Chiu et al., 1999) (Park et al., 2001), suggests that additional subsets using
a restricted TCR repertoire will be found among the dNKT cell subset. These ANKT
cell populations, which constitute what we today refer to as the dANKT cells, will
probably have similar phenotypes and perform Th1-associated functions, as the INKT

cell subset, as a whole, is so clearly distinct from iNKT cells in these aspects.
With all the arising data supporting distinct functions linked to dNKT cells, it is

important to include both dANKT and iNKT cells when considering the NKT cell

population, to get a correct idea of what immunological roles the NKT cell population
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is capable of playing. In order to get an unbiased, general view of what defines the
NKT cell population, we examined the entire genome in the hope of identifying genes

or groups of genes associated with a unique NKT cell gene expression profile.

AIMS OF PAPERSTAND II

The aim of paper I was to define a common gene expression signature for the NKT
cell population, shared by both ANKT and iNKT cells, but distinct from conventional
T cells and determine what the gene expression signature implies for lineage and
aspects of migration, activation, and effector functions. The aim of paper 1I was to
define gene expression profiles unique for the functionally distinct ANKT and iNKT
cell subsets and to characterize these different profiles in order to discover novel

features relevant for development, activation and effector functions.

METHOD OF PAPERSTAND II

In order to examine the genome’s global activity, in an unbiased and inclusive manner,
we used Affymetrix microarray technology. Microarrays yield an enormous amount of
data, up to 45,000 data points per sample. There are both positive and negative facets
of working with such massive amounts of information. One of the positive aspects is
the snap-shot that the microarray provides of the examined cell sample, giving a
unique over-view of all the complex and multi-layered molecular processes occurring
at that moment. Additionally, it becomes relatively simple to determine genetic kinship
between various cell types as well as providing the possibility of finding novel genes
important for a certain process or cell. On the negative side is definitely how unwieldy
and over-whelming such a staggering amount of data is. Thus, the majority of work
with microarrays is constituted of performing various kinds of statistical and
mathematical analysis using specialized microarray analysis software and performing
extensive literature searches in order to characterize and group the genes that have

attracted special attention.
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We performed microarray experiments on both unstimulated and stimulated iNKT
cells, ANKT cells and a reference CD4" T cell population. In this study we chose to
focus on the unstimulated samples, and the results from the analysis of these
microarrays will be discussed in this thesis. In addition to the results presented in this
study, there is still a substantial quantity of informative data left among the
unstimulated samples and also the stimulated samples are expected to yield interesting
information, in particular, with regard to function and activation responses. In this
study, we were interested in genes relevant for development, activation and effector
functions of unstimulated NKT cells and for these genes we searched the gene
expression profiles of the NKT cell population and of the individual NKT cell subsets.
Apart from actively searching for genes and groups of genes known to have certain
functional or lineage implications, we also carefully searched for new and unknown

genes that imply novel functions and developmental requirements.

When this study was initiated, only one group had performed genome wide screens of
NKT cells, but had in all published surprisingly little data. Firstly, iNKT cells clones
from healthy and diabetic twins were compared (Wilson et al., 2000), while in the
second study, an activated human iNKT cell clone was compared with CD4* and
CD8* T cell clones. Of the 12,000 genes analyzed, 5(!) genes were described to be up-
regulated by the iNKT cell clone, CD161, TCR Va24, CD69, MIP-1a./CCL3, and
granzyme B (Wilson and Byrne, 2001). Our study is the first with the aim of defining a
NKT cell gene expression profile shared by both ANKT and iNKT cells. Additionally,
our study is the first to have performed a complete genomic analysis of a ANKT cell
population. We presumed that our microarray data would yield certain information.
Thus, we expected the NKT cells to specifically express a number of genes distinct
from those expressed by the reference CD4* T cells and within the NKT cell
associated gene expression profile, we expected to find genes already described to be

characteristic of NKT cells as well as numerous previously un-described genes.

In this study, the two NKT cell populations wete tepresented by NK1.1* TCRB*

splenocytes sorted from Voul4 and 240p transgenic mice, which have enlarged popula-
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tions of iINKT cells and a ANKT cell type, respectively. As a control population of
conventional T cells, NK1.1- CD4" cells from non-transgenic littermates were used.
RNA was then isolated from the highly purified cell populations (96-99% pure) and
hybridized to Affymetrix Mouse Genome MOE430 2.0 chip, which contains 45,101
probesets representing transcripts of roughly 34,000 genes. The expression data was
then processed using dCHIP, a microarray analysis software, and the resulting
expression levels were compared between the three populations. Genes were
considered to be differentially expressed between populations if the difference was

observed to be two-fold or higher. The NK1.1* TCRB* cells from the Val4 and

240.p transgenic mice will be referred to in the text as INKT and dNKT cells,

respectively, while the NK1.1- CD4* cells from the non-transgenic littermates will be

referred to as CD4" T cells.

In our data we found many genes that were differentially expressed between the three
populations and thus selected these for further investigation. In the next section an
assortment of genes and gene groups will be discussed with regard to their known and

putative role in NKT cell biology.

RESULTS AND DISCUSSION OF PAPERS I AND II

The relationship between NKT/CD4+ T cells and ANKT/iNKT cells

We performed a high level analysis called hierarchical clustering, where all expression
values from the array of one sample was compared to all expression values from the
arrays of all the other samples, thereby yielding information as to the degree of kinship
between the three cell types on a global gene level. The hierarchical clustering analysis
clearly showed that, on the genomic expression level, the two NKT cell subsets were
more related to one another than to the CD4" T cells. The close relationship between
dNKT and iNKT cells was also apparent as the two NKT cell subsets had 180 over-
expressed genes in common when compared to CD4* T cells, while CD4* T cells only
shared 48 and 26 over-expressed genes with dNKT and iNKT cells, respectively

(figure 6). Of course, these 48 and 26 genes were interesting as they are part of the
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NKT cell subset-associated gene expression profiles. The 180 genes jointly over-
expressed by both NKT cell subsets compared to the CD4* T cells, constituted the
NKT cell specific gene expression signature (figure 7). Some genes within the NKT
cell gene expression signature were over-expressed to different levels by the two
subsets (paper I, figure 2), suggesting that the subsets make distinct use of these genes.
In addition, dNKT cells over-expressed 56 genes compared to CD4+ T and iNKT
cells, while iNKT cells over-expressed 74 genes compared to CD4* T and ANKT cells.
Paper I focused on the 180 over-expressed genes classified as NKT cell specific while
paper II focused mainly on the 56 and 74 genes uniquely over-expressed by the ANKT
and INKT cell subsets, respectively.

dNKT ﬂ iNKT

cD4a*T
Figure 7. Number of over-expressed genes unique to and shared by ANKT, iNKT and
CD4* T cells.

NKT cells over-expressed genes typical of non-conventional T lymphocytes

NKT cells constitute one of the non-conventional T lymphocyte populations and as
such they display certain characteristic traits generally associated with innate immunity
such as receptor rearrangement that results in semi-invariant T'CRs, self-reactivity,
specific localization to non-lymphoid tissue, and an inclination to promptly respond to
challenge. We therefore hypothesized that NKT cells would have over-expressed genes
in common with other non-conventional T lymphocyte populations and that these
genes would be causative of the non-conventional lymphocyte characteristics. In order
to test this hypothesis, we compared our data with gene sets reported to be

characteristic for the non-conventional T lymphocytes; CD8oat afT cells (Yamagata

et al., 2004) and YOT cells (Fahrer et al,, 2001) (Pennington et al., 2003). We found that

NKT cells shared over-expression of several genes associated with NK cell activation,
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function and differentiation, such as inhibitor of DNA binding 2 (Id2), FasL, CD94,
2B4, FceRly, and RANTES/CCL5 with both CD8aat a3 T cells and y8T cells. Over-
expression of additional genes associated with migration and positively regulating NK
cell-function, such as NKI1.1/Klrble, CD160, Klrbla, IL-18R1, peptidoglycan
recognition protein (Pgrp), xanthine dehydrogenase, and CXCR3 were specifically
shared with CD8aat affT cells, while over-expression of genes coding for granzyme A
and IL-2RPB was specifically shared with y8T cells (paper I). Additionally, we
demonstrated that ANKT cells over-expressed annexin A2, kit, Ly6C, and DAP12;
four genes reported to be charactetistic of non-conventional CD8aar affT cells (paper

II) in addition to the 13 genes described above, which were jointly over-expressed by

both NKT cell subsets.

The existence of a broader gene expression signature including both non-conventional
B and T lymphocytes is supported by a recent study, where CD8ao affT cells, NKT
cells and B1 B cells were compared. The resulting list of genes includes some genes
mentioned above (such as CCR5 and DAP12) but focuses mainly on genes coding for
GTP-binding proteins. This study appears to include genes that are =1,3-fold higher
expressed by the non-conventional lymphocytes in comparison to their conventional
lymphocyte counterparts (Yamagata et al., 2000). As their GTP-binding proteins are
only 1,3-2,5 fold higher expressed among NKT cells compared to their control T cell
population, we believe our more stringent cut-off value (=2-fold higher expressed)
explains why we only observed 2/11 genes (Rhoq and Gem) coding for GTP-binding
proteins in our NKT cell specific gene expression signature. A lower cut-off value in

our study would include an additional 2 GTP-binding protein genes (Rab 4a and Sos2).

In summary, we demonstrate that the 180 over-expressed genes classified as NKT cell
specific contained a number of genes included in other non-conventional T
lymphocyte gene expression signatures. Many of these genes encode proteins that are
important for mediating activating signals to NK cells and involved in performing NK
cell effector functions of a cytotoxic character, while other genes support development

of Thl and inflaimmatory responses. This suggests that there is a gene expression
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signature shared by non-conventional T lymphocytes, endowing these cell populations
with similar functional traits, such as non-TCR mediated ways of activation, a many-

faceted cytotoxic ability, and involvement in inflammatory responses.

Transcription factors selectively associated with the NKT cell population

We showed that several transcription factors were among the 180 over-expressed
genes classified as NKT cell specific (paper 1, figure 5). For example, 1d2, a negative
regulator of B cell activation (Sugai et al., 2004), which appears to be generally
expressed by non-conventional T lymphocytes, was also preferentially expressed by
both NKT cell subsets. Additionally, another transcription factor called Aiolos,
thought to influence BCR and TCR signaling thresholds (Schmitt et al., 2002), was
over-expressed by NKT cells. One could hypothesize that Id2 and Aiolos are involved
in mediating survival of NKT cells during thymic negative selection or play a role in

setting the activation threshold of NKT cells.

Further, we demonstrated that T-box expressed in T cells (T-bet), which belongs to
the T-box gene family, was expressed at enhanced levels in NKT cells. T-bet is
suggested to act as a master regulator of development of naive CD4* T cells into Th1
cells Mullen et al., 2002), naive CD8" afiT cells into effector cells (Sullivan et al.,
2003) (Glimcher et al., 2004) and of NK and iNKT cells (Townsend et al., 2004).

While several transcription factors, such as AP-1, Etsl, Runxl and RORyt, are
requited for development of INKT and NKI1.1* TCRP* cells (see development
chapter), little is known about what genes they control in NKT cells. This makes a
recent publication delineating the effects of T-bet in iNKT cells development extra
interesting. This study shows that development of iNKT cells is dependent on T-bet
for appropriate expression of CCR5, CXCR3, Fasl, and CD122 and at later stages of
thymic development also for IFN-y, granzyme B, perforin, NK1.1, and RANTES/
CCL5 (Matsuda et al., 2006). We also observed that CCR5, CXCR3, FasL,, CD122,
IFN-y, NK1.1, and RANTES/CCL5 wete specifically ovet-expressed by both subsets
of NKT cells, suggesting that T-bet might be equally important for the appropriate

expression of these genes during development of ANKT cells as it is for INKT cells.
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Additionally, T-bet regulates the cytolytic effector mechanisms of NK cells(Glimcher
et al., 2004), while cytolytic effector mechanisms of CD8% affT cells are regulated by
both eomesodermin, another T-box family member, and T-bet (Pearce et al., 2003).
We showed that eomesodermin was over-expressed by both ANKT and iNKT cells
compared to conventional CD4* T cells, though dNKT cells expressed eomesodermin
at 3-4 fold higher levels compared to iINKT cells. It is possible that T-bet and
eomesodermin might be involved in regulating the cytotoxic effector functions of
NKT cells in general and of dNKT cells in particular. Moreover, eomesodermin is also

involved in the induction of IFN-y in CD8* afiT cells (Peatce et al., 2003). Thus, the

high IFN-y/low IL-4 cytokine production typical of dNKT cells (Stenstrom et al.,

2004) might be partly dependent on eomesodermin, and this deserves to be studied

further.

In summary, paper I presents several transcription factors specifically over-expressed
by NKT cells. Id-2, Aiolos, T-bet, and eomesodermin, which have been further
discussed here, are known to regulate activation thresholds, development, cytokine and
cytotox functions in other immune cells. While the role of T-bet has been studied
during iNKT cell development, the others are, to our knowledge, novel finds and their

putative role in NKT cell biology needs to be specifically examined.

Activation and Regulation of NKT cells: expression of NK receptors

In addition to the TCR, NKT cells express other surface receptors, such as NK
receptors, involved in modulating activation and effector functions. NKT cells are
known to express several NK receptors, though whether they regulate NKT cell-
function in the same way they regulate NK cell-function is not known. Upon a general
examination of differences in NK receptor gene expression (paper I, figures 4 and 5),
NKT cells were observed to express higher levels of 19 out of 20 NK receptor genes
when compared to CD4* T cells. These data confirmed and extended previous reports
of NKT cells expressing and being regulated by both activating and inhibitory NK

receptors.
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dANKT and iNKT cells differ in putative regulation by NK receptors

Activating NK receptors mediate an activating signal when expressed by NK cells, but
function purely as co-stimulatory molecules when expressed by conventional effector
or memory T cells. This duplicity in functional activity of NK receptors is thought to
depend on what adaptor molecules the NK receptors associate with. While T' cells
generally only express the adaptor molecule DAP10, NK cells express both DAP10
and DAP12, with DAP12 intimately involved in mediating activating signals (Snyder et
al., 2004). We showed that DAP12 was over-expressed specifically by dNKT cells
(paper 11, figure 2), so hypothetically signaling through NK receptors could directly
activate, rather than co-stimulate, ANKT cells into performing effector functions. In
addition to DAP-12, dNKT were also observed to specifically over-express the
activating NK receptor Ly49S and the IgG receptor FcyRIII/CD16, commonly
expressed by and known to induce activation of NK cells, indicating that ANKT cells
can receive activating signals in ways distinct from iNKT cells. While both NKT cell
subsets generally expressed similar levels of activating NK receptors, the inhibitory
NK receptors tended to vary in expression levels between the dNKT and iNKT cell
subsets (see paper I, figure 4). We showed that iNKT cells over-expressed the
inhibitory NK receptors Klrb1lb, Klrbld and glycoprotein 49B (paper 11, figure 2).
This would suggest that the subsets could respond differently to infected or damaged

cells, depending on what NK receptor ligands these cells expressed.

Expression of cytokine receptors by NKT cells

In addition to NK receptors, we showed that NKT cells also constitutively expressed
genes encoding IL-2R, IL-18R1 and IL-18R accessory protein. The IL-2RP chain is a
component of both IL-2R and IL-15R, indicating that NKT cell function is specifically
regulated by IL-2 and/or IL-15 and IL-18. IL-15 is crucial for homeostatic survival
and proliferation of iNKT cells (Ranson et al., 2003) and has also been observed to

enhance cytotoxic activity and IFN-y production by NK cells, and IFN-y production
by y8T cells (Carson et al., 1994) (Carson et al., 1995) (Garcia et al., 1998). Further, IL-

18 has been shown to be involved in enhancing production of 1L.-2 and IFN-y by
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NK1.1* CD3* cells (Baxevanis et al., 2003). Potentially, I.-15 could have a similar role
in enhancing cytokine and cytotoxic function in NKT cells as well as be important for
homeostatic maintenance of dANKT cells in addition to iNKT cells, while II.-18 might
enhance both the dNKT and iNKT cell production of Thl cytokines. It was
interesting that out of all the cytokine receptors we examined only IL-2RfB and IL-
18R1 were significantly over-expressed by NKT cells. The finding that both NKT cell
subsets ate constitutively poised to react to proliferation- and/or Thl-inducing signals,
strengthens the importance that Thl-type of functions have in NKT cells performing

their role in the immune system.

Migrational potential of NKT cells

We showed that NKT cells over-expressed genes known to be involved in migration,
like the chemokine receptors CCR2, CCR5, CXCR3 and CXCRO, and the integrins a1
(Riken E130012M19) and aL. (paper I, figures 5 and S1). While integrin a1, CCR2,
CCRS5, CXCR3 and CXCRG6 are all involved in homing of immune cells into inflamed
tissue, integtin oL in the form of aLPB2/LFA-1 plays a mote general role in migration
(Stein and Nombela-Arrieta, 2005). Our data confirms previous reports that showed
that human and murine iNKT cells expressed CCR2, CCR5, CXCR3 and CXCR6
(Faunce et al.,, 2001; Kim et al., 2002a) (Johnston et al., 2003). Our data indicate that
both ANKT and iNKT cells have a general migrational capacity similar to Thl
inflammatory homing cells suggesting that NKT cells perform their effector function

in peripheral tissue.

Migrational potential of iNKT cells

While we showed that CCR2 and CCR5 over-expression was shared between dNKT
and iNKT cells, iNKT cells expressed four to five times higher levels of CCR2 and
three to four times higher levels of CCR5. Additionally, we demonstrated that CCR9
was selectively over-expressed by a subset of INKT cells (paper 11, figure 5). Thus, it is
apparent that ANKT and iNKT cells express diverse repertoires of receptors involved

in migration.
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The biological relevance of our CCR2 data is supported by the observation that iNKT
cells accumulate in a MCP-1/CCL2-dependent manner in lung duting C. neoformas
and S. puneumoniae infection (Kawakami et al., 2001) (Kawakami et al., 2003). MCP-
1/CCL2 is the only known ligand for CCR2. CCRY is well-known to be important for
localization of T cells to the small intestine. In addition, CCRY is also suggested to be
involved in recruitment of T cells to chronically inflamed liver and lung as CCRY-
expressing human T' cells were shown to be recruited to liver in response to CCL25 in
a chronic inflammatory liver disease (Eksteen et al., 2004). In addition, a large portion
of human iNKT cells in blood from patients with allergic asthma were found to be
CCRY* and were suggested to migrate into bronchial mucosa in a CCR9 dependent
manner. In the same study CCR9/CCL25 ligation was shown to induce
phosphotylation of Ptal/CD226 (Sen et al, 2005). Ptal is an adhesion molecule
known to enhance cytotoxicity of NK and CD8* T cells (Pende et al., 2005) (Tahara-
Hanaoka et al., 2005). We showed that Ptal is over-expressed by both iNKT and
dNKT cells compared to CD4* T cells, with iNKT cells having a two-fold higher
expression level compared to dNKT cells. Thus, ligation of CCR9 expressed by iNKT
cells might mediate an enhancement of iNKT cell-mediated cytotoxicity. Interestingly,
iNKT cells through constitutive expression of CCR2 and CCR9 appear to be poised
for migration to gut, infected lung, and chronically inflamed lung and liver, suggesting

that this subset has important functions to perform at these sites.

Migrational potential of dANKT cells

In contrast, we observed that ANKT cells specifically over-expressed integrin o4
(paper 11, figure 2). Integrin 04 can, by pairing with different B-chains, be involved in
different migration-schemes. a4fB7 is a receptor for MAACAM-1, which is expressed
on the intestinal endothelium and is important for the entry of T cells into the lamina
propria. In a ulcerative colitis model, ANKT cells increase in the lamina propria of the

gut, though due to migration or proliferation is unknown (Fuss et al., 2004). One could
speculate that this increase in dNKT cells involves o4f7-mediated migration.

Additionally, a4p1/VLA-4 is required for cell adhesion to bone marrow vessels.

Human CD56* CD3* NKT-like cells were shown to home to bone marrow in a VLA-
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4-dependent manner (Franitza et al., 2004), thus suggesting a mechanism for entry of

dNKT cells into bone marrow.

Potential function of NKT cells

We show that, among the NKT cell over-expressed genes, were eight genes involved
in cytotox, including cathepsin W, CRACC (Riken gene 4930560D03), FasL., granzyme
A, Pgrp, and Ptal (paper I, figure S1). Though CRACC, a 2B4-related receptor
involved in inducing NK cell cytotoxicity (Bouchon et al., 2001; Stark and Watzl,
2000), FasL, and Ptal, an adhesion molecule known to enhance cytotoxicity, are
among the NKT cell over-expressed genes, they were expressed at two- to three-fold
higher levels in iNKT cells compared to dNKT cells. This might suggest that iNKT
cells have a more potent cytotoxic ability than ANKT cells. We also showed that NKT
cells constitutively over-expressed IFN-y, which enhances cytotoxic and inflammatory
activities, and CCL5/RANTES, which promotes infiltration of cells to inflammatory

sites.

Additionally, IFN-y produced by NKT cells is known to rapidly induce NK cells to
mediate cytotolysis of target cells. We observed that NKT cells over-expressed
LIGHT, a member of the TNF ligand family, at approximately ten-fold higher levels
compared to CD4* T cells. LIGHT is known to bind LTBR, which is part of the LT
signaling pathway crucial for development of iNKT cells, we hypothesize that LIGHT
could play a role in development of ANKT as well as for iNKT cells. In addition, a
recent publication has shown that LIGHT is a critical ligand for the activation of NK
cells (Fan et al., 2006) and as NKT cell-mediated rejection of certain tumors is
dependent on NK cells, we propose that LIGHT expressed by NKT cells may be a
crucial factor for this NKT cell mediated, NK cell dependent rejection of tumors.

Thus, NKT cells appear to be predetermined for inflammatory and cytotoxic actions.
Another characteristic trait of NKT cells is the simultaneous production of IFN-y and

IL-4 upon activation. While dNKT cells typically produce lower amounts of I1.-4,

iNKT cells produce high amounts of IL-4 upon activation, reminiscent of the CD4*

69



Th2 cytokine profile. IL.-4 is indeed over-expressed by iNKT cells together with the
Th2 cell-characteristic genes IL-2Ra and CCR2 (Yamaguchi et al., 2005). Thus, it
would appear that the enhanced cytoxic potential of iNKT cells comes in addition with
enhanced potential to stimulate Th2-associated immune responses, possibly acting as

help for B cells during infections, enhancing the anti-pathogenic Ig responses.

CONCLUDING REMARKS TO PAPERS I AND II

This study fulfilled our expectations, as NKT cells did over-express a number of genes
distinct from those over-expressed by CD4* T cells, and among these genes were

several novel genes not previously associated with NKT cell development or function.

We propose that the list of genes over-expressed by NKT cells compared to CD4*+ T
cells, comprise a specific NKT cell gene expression signature. Our results suggested
that NKT cells were predetermined for inflammatory and cytotoxic actions, while
sharing many similarities with NK cells in activation and function. Both NKT cell
subsets expressed chemokine and integrin genes associated with migration into
inflamed tissue as well as to specialized locations such as gut and lung. In addition, we
showed that both NKT cell subsets expressed LIGHT, which potentially confers a
novel way for NKT cells to induce NK cell mediated cytolysis of target cells. NKT
cells were also demonstrated to specifically over-express several transcription factors,
among them Aiolos, 1d2, and eomesodermin, whos” putative roles in NKT cell biology

would be interesting to examine further.

We also identified two different gene sets uniquely over-expressed by the ANKT and
iNKT cell subsets, supporting the existence of unique NKT cell subset functional
programs. dNKT and iNKT cells express distinct sets of activating and inhibitory NK
receptors, indicating that the subsets can be differentially activated. Particularly
CRACC:s role in NKT cell cytotoxicity would be interesting to determine. In addition,
dNKT cells appear to be firmly associated with Thl-type reactions while iNKT cells

appear to have an enhanced cytoxic potential together with an enhanced potential to
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stimulate Th2-associated immune responses compared to dNKT cells. In the future it
would be interesting to identify genes that imprint the different functional programs in
the NKT cell subsets and to examine to what extent the different subsets are activated
by non-TCR stimuli. It would also be interesting to determine novel ways for NKT
cells to activate NK cells. We expect that several additional finds will emerge when we

analyze our stimulated microarrays.

In addition to providing a novel insight into which molecules may be determining
NKT cell development, activation and function, the gene expression signatures
specific for the NKT cells, AINKT and iNKT cell subsets offer information as how to
best manipulate the NKT cell population as a whole as well as the individual subsets

during various diseases and infections.
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INTRODUCTION TO PAPER III

When this project was initiated, little was known of the fate of NKT cells during a
Salmonella infection or what potential importance this cell population could have in
the ensuing immune response. Previous studies had given a non-conclusive and
somewhat puzzling picture. Intra-peritoneal (i.p.) administration of Sa/monella,
induced Jo18-/- mice to express increased levels of IL-12 compated to control mice,
implying that the presence of iNKT cells inhibited production of I11.-12. Additionally,
petitoneal NK1.17 affT cells expressed mRNA for IFN-y but also for IL-4, which
spawned the idea that IL-4 might mediate this inhibition. The idea was strengthened
when transfer of NK1.1* affT cells into Jal8~/- mice led to reduced IL-12 levels, and
blocking with IL-4-mAbs induced a five-fold decrease in bacterial load of the
peritoneum (Naiki et al., 1999). In the same system, infection did not affect IL-4 or
IFN-y mRNA levels in hepatic NK1.17 afT cells, though these cells induced FasL-
mediated liver damage. Jo.18-/- mice had reduced liver injury but no change in bacterial
numbers compared to control mice (Ishigami et al., 1999) (Shimizu et al., 2002). A final
study showed that oral infection with Sa/monella led to a decrease in splenic NK1.1*
ofT cell numbers, and induced these cells to produce IFN-y and TNF-a (Kitby et al.,
2002). In summary, Sa/monella infection appears to induce NKT cells to produce
pro-inflammatory IFN-y and TNF-a, anti-inflaimmatory II.-4, and mediate liver
damage and despite Jo187/- mice having increased IL-12 levels this did not reduce
bacterial presence in liver. Thus, the existing data was inconclusive as to the function

of NKT cells in Sa/monella infection, when we stepped onto the arena.

Several additional observations in other systems, suggested that NKT cells had the
potential to be an important player in Sa/monel/la immunity. Firstly, hepatic NK1.1+
ofT cells have been shown to constitutively express TLR2, TLR4, and TLR5 mRNA.
TLR2 and TLR4 bind LPS and lipoproteins while TLR5 binds flagellin (Shimizu et al.,
2002). As all three structures are expressed by Sa/monella this could potentially allow
NKT cells to be directly activated by the bacteria in a CD1d-independent manner.

Secondly, as described previously in this thesis, the capacity of macrophages to kill
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phagocytosed Sa/monella is crucial for host survival. If macrophages are insufficiently
activated, Sa/monella can manipulate them into becoming a hiding place from the
immune system. As IFN-y is a potent activator of macrophages and NKT cells are
early producers of IFN-y (Kawano et al., 1997), NKT cells might constitute one of the
eatly sources of this important cytokine. Additionally, activated NKT cells are known
to enhance IFN-y production by NK cells, an additional potential source of early IFN-
v (Carnaud et al.,, 1999). Thirdly, another phagocyte known to be crucial for limiting
Salmonella spread is the neutrophil (Vassiloyanakopoulos et al., 1998). NKT cells
have been shown to induce recruitment of neutrophils into infected tissues in P.
aernginosa and S. pneumoniae lung infection models (Nieuwenhuis et al., 2002)
(Kawakami et al., 2003) and could potentially have the same role in Sa/monella
infection. Fourthly, pathogens are known to employ MHC-avoidance mechanisms
(Slobedman et al., 2002) but as DCs and macrophages constitutively express CD1d,
this enables these APCs to present bacterial antigens to NKT cells even if they are
unable to present antigen to conventional MHC-restricted T cells. The above related
information supported the concept of NKT cells having an important role in
Salmonella immunity and led to the initiation of this study. Thus, the aim of this
study was to determine the role of NKT cells in the immune response to a

Salmonella infection.

CHOICE OF METHOD FOR PAPER 111

The infection route is known to influence what immune responses are generated
against an invading pathogen. Sa/monella bacteria gain access to the natural invasion
site, the gastrointestinal tract of the host, upon being present in contaminated food or
water ingested by the host. Therefore, to mimic the natural infection route, bacteria
were administered orally in this study. As we believed that NKT cells play an
important part during the early phase of infection, we wished to get an early and
synchronized infection of the mice. Thus, 10° bacteria of the virulent strain
Salmonella enterica serotype typhimurinm x-4666 were administered orally. While

this dose ensures that all mice become infected, the dose is lethal for the mice, with
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fatality occurring at approximately day 7. Mice were examined one, two, three and five
days post-infection, as to observe eatly and a late time points of infection. In addition
to directly examining how NKT cells respond to the developing infection, we wished
to gain an understanding of the role of NKT cells and the effect an absence of this
population would have on the ensuing immune response. Thus CD17/- mice were
compared to CD1*/- and B6 mice. In order to obsetve iNKT cells directly, aGalCet-
loaded CD1d-multimers wete used, while dNKT cells had to be obsetved indirectly as
being represented within the NK1.1* TCRB* population. MLN, spleen and liver of
these mice were examined, as these organs are sequentially and preferentially colonized
by Salmonella bacteria during infection and any effect of and on NKT cells were
likely to be observed here. The effect of the presence of NKT cells was gauged by

bacterial load, presence of additional immune populations and cytokine production.

RESULTS AND DISCUSSION OF PAPER III

NKT cells were activated by the Salmonella infection

To determine how NKT cells were affected by Sa/monella infection, features known
to be associated with activation were examined. Upregulation of CD69 and increase in
cell size was apparent in both iNKT cells and NK cells at early stages of infection. We
observed a reduction in NK1.1* affT cell numbers in spleen, confirming a previous
observation made in a Sal/monella model (Kirby et al., 2002), but not in liver.
Disappeatance of NK1.1* affT cells upon infection has been described in several
pathogen models (Emoto et al., 1995) (Hobbs et al., 2001) (Kirby et al., 2002) and
apoptosis has been suggested to be responsible for part of the activation-induced
reduction in NKT cell presence (Ebetl and MacDonald, 1998). However, NK1.1* afT
cells have been shown to down-modulate NK1.1 upon activation (Chen et al., 1997) so
the observed decrease of NK1.1* affT cells in our study could be caused by down-
regulation of one of the defining markers, NK1.1 or TCR. We obsetrved that iNKT
cells, which do not rely on NKI1.1 for identification, strongly down-modulated
expression of NK1.1 but retained TCR levels during infection, supporting that some

of the appatent dectease in NK1.1* o T cell presence was due to down modulation of
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NK1.1. The down-modulation of NKI1.1 that we observed during infection with
Salmonella was also observed by Wilson et al (Wilson et al., 2003). In the same paper,

oGalCer-mediated activation iz vivo and in vitro was shown to induce rapid down-

modulation also of TCR. The artificial ligand aGalCer is known to be a very powerful
agonist, and as no such reduction in surface TCR was observed in our study, this
might suggest that iINKT cells were not as powerfully activated by Salmonella
infection as they were by aGalCer and that during more physiological activation, as
seen in our study, only NKI1.1 is affected. An additional sign of activation is the
production of cytokines. Oral Sa/monella infection clearly induced iNKT and
NK1.1* affT cells in spleen and liver to produce IFN-y but no IL-4 during the eatly
stage of infection. NKT cells and NK cells were responsible for approximately 25%
and 35%, respectively, of the total IFN-y produced in spleen on day 3, while prior to

day three very little IFN-y was produced by any cell type in spleen.

CD1d expression was modulated by Salmonella bacteria

Thus, iINKT cells and NK1.1* affT cells wete cleatly activated by the oral Sa/monella
infection. Next, another aspect that might be related to the activation of NKT cells
was studied; the effect of Sa/monella infection on CD1d expression. DCs are CD1d-
expressing APCs known to potently induce NKT cells to produce IFN-y upon
presentation of ligand in the context of CD1d (Kitamura et al., 1999). Additionally,
DCs are well known targets of Sa/monella bacteria and DCs have been shown to up-
regulate CD1d during inflaimmation (Krajina et al., 2003). DCs do not have to be
infected themselves to be able to present bacterial epitopes as bystander DCs have
been shown to present bacterial antigens acquired from infected macrophages that
have gone into apoptosis(Y1lid and Wick, 2000). In this study, we showed that /7
vitro infection with Sa/monella or stimulation with LPS, a component of the cell wall
of Salmonella, induced a two- to three-fold up-regulation of CD1d levels on DCs.
Subsequently, our results were confirmed in two other 7z wvitro systems, which
demonstrated that pathogens could induce up-regulation of CD1d levels on APCs.
Infection with the intracellular parasite Leishmania infantum induced DCs to up-

regulate CD1d, which rendered them susceptible to iNKT cell-mediated cytotoxicity
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(Campos-Martin et al.,, 2006). Also a mycobacterium in vitro study showed that
macrophages up-regulate CD1d levels upon receiving a microbial or inflammatory
signal together with IFN-y. These higher levels of CD1d were shown to induce
augmented levels of proliferation and cytokine production by NKT cells /7 vitro and
in vivo (Skold et al., 2005). Thus, increases in CD1d levels can induce more potent
NKT cell activation iz vive. Therefore, we wished to determine whether CD1d levels
could be obsetved to be up-regulated /7 vivo during infection with Sa/monella. We
examined CD1d levels at various time points during our iz wive Salmonella
infection, but no general shift in CD1d levels was observed on either splenic or hepatic
DCs. Thus, the upregulation of CD1d demonstrated iz vitro appears not to occur
universally on DCs during infection. We could speculate that only directly infected
DCs or DCs present in a local inflammatory milieu upregulate CD1d, thereby making
a general upregulation of CD1d on all DCs unlikely to be obsetved 7z vivo.

Interesting data has been published pointing to a unique mechanism of NKT cell
activation during Sa/monella infection. Rather than recognizing Sa/monella-detived
antigens in the context of CD1d, activation of NKT cells during Sa/monella infection
was dependent on weak recognition of a self ligand in combination with I1.-12
produced by DCs (Brigl et al., 2003). This self-ligand was recently shown to be the
lysosomal glycosphingolipid iGb3, which was presented by CD1d-expressing DCs,
activated through TLR signalling (Mattner et al., 2005). Thus TCR-dependent but
pathogen ligand-independent activation of NKT cells might be a general mechanism
used during certain types of infections. This is supported by an infection model with
the parasite T. ¢ruzi. Though a role for endogenous ligands was not formally shown,
the activation of NKT cells during infection was suggestively demonstrated to require

a combination of IL-12 and TCR-CD1d interaction (Duthie et al., 2005a).

The effect of NKT cells on the presence of immune cells and bacterial load
Additionally, we were interested in the effect NKT cells have on other immune cell
populations during the course of infection. Thus, the presence of macrophages,

neutrophils, NK cells, B cells and T cells was examined in MLN, liver and spleen of

76



CD1"/- and control mice. While macrophages and neutrophils increased several-fold in
frequency as well as in numbers in all studied organs. The NK cells, B cells and T cells
generally decreased or remained unchanged in frequency during infection. These
population dynamics induced by the ongoing infection were not observed to be
affected by the absence of NKT cells. Though it has been previously shown that NKT
cells have a role in promoting neutrophil migration into infected tissue, this was not
observed in our system. We also determined whether the immune system’s capacity to
control infection, as measured by bacterial load, was influenced by the presence of
NKT cells. No difference in number of colony forming units (CFU) was found in
MLN, livet, and spleen of CD1~- and control mice. These results wete not surprising
considering that this is a lethal infection model, with the immune system of the
infected mice being unable to control or clear the infection, resulting in death at
approximately day seven post-inoculation. Any effect the loss of NKT cells would
have on bacterial numbers would probably not be noticeable in the face of such
overwhelming bacterial presence. The lack of NKT cells might have an observable
effect on bacterial numbers or immune cell populations at the very earliest time points
after inoculation, after hours rather than days. Additionally, the IFN-y produced by
NKT cells upon infection might have an important function in other tissues than those
examined in this study, like locally in gut. We showed that CCRY is expressed on a
subset of iINKT cells, while ANKT cells over-expressed integrin a4, which in the form
of 04P7, is important for T cell entry into the lamina proptia (paper II). Thus, NKT
cells appear to have the capacity to enter gut tissue to perform effector function there.
To further elucidate the role of NKT cells during Sa/monella infection, additional 77
vivo models should be employed. An oral infection model using a less virulent
Salmonella strain resulting in an infection that could be controlled and cleared by the

immune system would be useful for testing our hypotheses.

The infection skews the cytokine production repertoire of NKT cells
Finally, it is well known that NKT cells upon activation produce substantial amounts
of IL-4 (Kronenberg, 2005) and NKT cells have been suggested to produce 1L.-4 in an

ip. Salmonella model. In contrast, we showed that NKT cells produced significant
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amounts of IFN-y but no IL.-4 during the early stage of infection. We hypothesized
that the inflammatory milieu caused by the infection, such as exposure of I1.-12,
induced NKT cells to skew their cytokine production repertoire toward a protective
IFN-y phenotype. To test this, we re-stimulated iINKT and NK1.1* affT cells from
CD1/- and CD1*/- mice with PMA and ionomycin to see if activation in a non-
inflammatoty environment would reverse the polarised cytokine profile. NK1.1* affT
from infected CD1*/- mice produced more IFN-y and less ot no IL-4 upon in vitro
stimulation, showing that the polarise cytokine profile was stable. The infection-
induced IFN-y-dominated profile is dependent on CD1d-restricted NK1.1* a3 T cells,
as shown by the cytokine production of NK1.1* affT cells from CD1-- mice being
unchanged by ongoing infection. In contrast to NKT cells, IFN-y production by NK
cells was independent on CD1d. I# »itro stimulated iNKT cells exhibited a similar
cytokine profile, with a complete loss of 11.-4 and a maintained ability to produce IFN-
y. This indicates that the increase in % of IFN-y producing cells among NK1.1* affT
cells were not iNKT but rather dNKT cells. So for the first time, dNKT cells have
been shown to be activated during a Sa/monella infection. Separate roles for iINKT
and dNKT cells have been observed in other infection systems. Recently, infection
with T. ¢ruzi demonstrated that ANKT cells induced a detrimental inflammatory
response with increased levels of IFN-y, TNF-o and nitric oxide (NO), while the
presence of iNKT cells dampened inflammation, possibly by regulating the pro-
inflammatory dNKT cells (Duthie et al., 2005b). This undetlines the importance of
further study of the distinct function of the dNKT and iNKT cell subsets during

Salmonella infection.
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CONCLUDING REMARKS TO PAPER III

NKT cells ate fascinating in their clear divergence from conventional affT cells. In
paper I we discussed several putative functional differences between these two cell
types, concluding that NKT cells over-expressed genes that predetermined them for
inflammatoty action. Here in paper III, we have shown how conventional afT and
NKT cells differ in activation and function during infection with Sa/monella. The
capacity of NKT cells to rapidly produce large amounts of cytokines is suggested to be
important for early activation and skewing of subsequently developing immune
reactions. Thus, the early production of IFN-y by NKT cells might be important for
the development of protective immune responses to Sa/monella infection, potentially
by enhancing the cytotoxic actions of macrophages and neutrophils and enhancing
NK cell activity. Further studies should illuminate the effect NKT cells have on other
immune cell populations involved in immune responses to Sa/monella. Additionally,
in view of the NKT cells apparent capacity to home to the intestine and mediate
inflammatory actions there, it would be interesting to examine NKT cells in gut during

Salmonella infection.
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And for the two most important people in my world, Mamma and Anna, 1 love you

beyond measure.
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POPULARVETENSKAPLIG SAMMANFATTNING

Parallellt med minniskans utveckling frin encellig organism till den komplexa
multicelluldra varelse som vi dr idag, har dven immunfSrsvarets férmaga att skydda oss
mot omvirldens faror férbdttrats och forstirkts. Immunférsvaret, vars syfte dr att
skydda oss mot sjukdomsalstrande organismer (patogener) och skadliga férindringar i
vira kroppar, dr en forutsittning for vir 6verlevnad. Immunférsvaret dr uppbyggt av
mekaniska barridrer som hud och slemhinnor, men dven av en mingd olika typer av
immunceller och skyddande proteiner. For att kunna uppna sitt syfte mdste
immuncellerna kunna reagera pa nirvaron av patogener och skadade eller férindrade
kroppsceller. Dirfor har immunceller receptorer pa sin yta som antingen direkt kidnner
igen strukturer pda patogener eller binder in till immunologiska substanser som
signalerar stress eller fara. Tvd generella typer av immunférsvar existerar; det
lingsammare “’specifika” dir immuncellerna har férmagan att férindra sina receptorer
for att anpassa sig till den pigiende infektionen och skapa det mest effektiva férsvar
mot just denna patogen, samt det “medfédda” dir immuncellerna direkt kinner igen

unika patogenstrukturer och reagerar mycket snabbt och kraftfullt.

Syftet med min avhandling ér att utforska vilken funktionell roll naturliga mérdar T
(NKT) -celler har, samt vilka gener som ér viktiga for dessa celler. NKT-celler utgdr en
liten men specialiserad undergrupp av T-celler, och dr mycket intressanta eftersom att
de, trots att de tillhér det specifika immunférsvaret, dven har receptorer och
egenskaper som dr starkt forknippade med det medfédda immunférsvaret. Dessa ger
NKT-cellerna férmagan att mycket snabbt producera stora mingder signalsubstanser
vilken tros vara viktig for att forma efterféljande immunreaktioner si att dessa
utvecklas pé ett, for virden, optimalt sitt. En annan ovanlig egenskap dr NKT-cellens
féormadga att kinna igen kroppsegna strukturer. Medan vanliga sjilvreaktiva T-celler inte
tillits att utvecklas eftersom dessa kan orsaka autoimmuna sjukdomar tycks
sjalvreaktiva NKT-celler snarare skydda mot uppkomsten av autoimmuna sjukdomar. I
motsats till vanliga T-celler som enbart kinner igen proteinstrukturer, kinner NKT-

celler igen strukturer uppbyggda av socker och fett. Detta idr férdelaktigt dd manga
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patogener omger sig med skyddande héljen bestiende av just socker och fett, vilket

kan leda till en snabb aktivering av NKT-celler vid infektioner.

Trots att NKT-celler har undersokts i snart tjugo dr, sa finns det fortfarande ett stort
behov av att férdjupa vara kunskaper om denna fascinerande celltyp. I syfte att
identifiera nya receptorer och signalmolekyler som ér viktiga f6r NKT-cellers funktion
definierade vi en NKT-cellspecifik genprofil genom att géra fullstindiga genanalyser
pa tva undergrupper av NKT-celler i jimférelse med vanliga T-celler (artikel I).
Genprofilen indikerar att NKT celler har frimst inflammatoriska effekter och har
kapaciteten att direkt déda skadade eller sjuka celler i kroppen, samt verkar utféra sina
funktioner ute i kroppens vdvnader snarare dn i lymfsystemet. Denna genprofil ska
anvindas for att vidare underséka vilka signaleringsvigar, migrationsmoénster och

funktioner som ir avgdrande f6r NKT-cellers roll i immunforsvaret.

NKT-celler har visats ha viktiga men mycket olika roller i flertalet immunreaktioner
mot cancer, autoimmuna sjukdomar, virus och bakterier. Hur samma cellpopulation
kan ha sd ménga olika roller 4r dnnu inte kint men NKT-celler har visats besta av flera
undergrupper vilket kan vara del av forklaringen. Under de senaste dren har olika
undergrupper observerats utféra skilda funktioner men vilka receptorer och proteiner
som medfor denna skillnad i funktion 4r bara delvis kidnt. Darfor, i samband med att
fullstindiga genanalyser gjordes pad de tvé olika NKT-cellsundergrupperna, definierades
dven de genprofiler som var unika f6r dessa undergrupper (artikel 1I) i syfte att 6ka
kunskapen om funktionella skillnader mellan undergrupperna. Genprofilerna indikerar
att den ena undergruppen hade en 6kad kapacitet att déda omgivande celler samt
utsondra reglerande = signalsubstanser medan den andra hade mer uttalade

inflammatoriska drag,.

I sista projektet underséktes NKT-cellernas roll i en infektionsmodell. Immunsvaren
som genereras vid en Salmonella-infektion dr generellt vil studerade. Trots detta ér
NKT-cellernas roll mycket otydligt definierad sa vi valde att understka vilken effekt
NKT-celler hade pa immunsvaret mot en Salmonella-infektion. Intressant nog fann vi

att infektionen paverkade sammansittningen av de signalsubstanser som utséndrades
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av NKT-cellerna. Vi visade att NKT-cellerna aktiverades kraftfullt under ett tidigt
stadium av infektionen var pd de snabbt producerade den typ av signalsubstanser som
ir viktiga for att framgangsrikt bekdmpa Salmonella-infektioner. Infektionsmodellen
som anvindes var doédlig och dirfér var det inte ovintat att trots den starka
aktiveringen av NKT-celler si kunde ingen tydlig paverkan pa bakterienivaer eller
nirvaron av Ovriga immunceller observeras (artikel III). Ytterligare undersékningar

behovs for att vidare karaktirisera NKT-cellernas roll vid Salmonella-infektioner.

Immunférsvaret dr imponerande i sin komplexitet vilket gér det mycket svart att
forutse och forsta vilka immunkomponenter som dr viktiga i den mangfald av
sjukdomar som finns i var vardag. I en tid da mycket fokus liggs pé forskning kopplat
till direkt applicerbarhet pa kliniken blir det extra vikigt att bibehélla kvaliteten pé vir
grundforskning. Grundforskning med syfte att kompromisslost 6ka kunskapen om
grundldggande cellulira och molekylira immunologiska interaktioner —utgdr
férutsittningen for att i framtiden kunna skapa innovativa och effektiva behandlingar.
Virt mil med denna studie dr dérfér att bidra med ytterligare detaljkunskaper om
NKT-celler som i framtiden kan bidra till att vi pa ett bittre sitt kan kontrollera och

styra vart immunférsvar vid sjukdomar och skador.
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