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Abstract

Invariant natural killer T (iNKT) cells are a unique subset of T lymphocytes that recognize glycolipid
antigens in the context of the antigen-presenting molecule CD1d. Upon glycolipid antigen
stimulation, iINKT cells rapidly produce copious amounts of immunomodulatory cytokines, leading
to potent activation of a variety of innate and adaptive immune cells. These immune-potentiating
properties of iNKT cells hold great promise for the development of vaccine adjuvants. This review
aims to summarize the immunomodulatory activities of iNKT cell ligands and to discuss prospects
for developing iINKT cell-based vaccine adjuvants.
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One of the hallmarks of the adaptive immune system is its capacity to mount a more rapid and
effective immune response to the second contact with a pathogen compared with the first
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contact, thereby preventing recurrent infection by the same pathogen [1]. This property of the
adaptive immune system, referred to as immunological memory, is mediated by memory B
and T lymphocytes that develop during the primary immune response against a given antigen.
Vaccines are designed to act as surrogate primary antigens to induce development of memory
cell types reactive to the target pathogenic organisms or tumor cells. In order to be effective,
a vaccine needs to induce a strong immune response against the immunizing antigens.
However, purified antigens alone are often insufficient for inducing long-lasting immune
responses. Most acellular vaccines require the addition of adjuvants to elicit protective immune
responses. Although adjuvants, also known as the immunologist’s “dirty little secret’ [2], have
been employed for many decades, their mechanism of action has remained elusive for many
years. The principal role of adjuvants in vaccine preparations is to provide a so-called ‘danger
signal’ that activates the innate immune system [3]. The innate immune system relays these
danger signals to cells of the adaptive system, ensuring robust responses that induce
immunological memory. Most adjuvants work by activating antigen-presenting cells, most
notably dendritic cells (DCs), which play a key role in initiating adaptive immune responses
[4]. Prominent adjuvants include microbial products that interact with Toll-like receptors
(TLRs) and other pattern-recognition receptors on DCs, resulting in cytokine secretion and
induction of costimulatory molecules. In turn, activated DCs stimulate the activation and
differentiation of antigen-specific T lymphocytes.

Based on our understanding of the biological activities of adjuvants, it is now possible to
develop rational approaches for improving the activity of vaccines. One approach is to
coadminister cytokines that potentiate the antigen-presenting properties of DCs. Another
approach is to stimulate cells of the innate immune system that engage in intimate interactions
with DCs. Invariant natural killer T (iNKT) cells represent such a cell type of the innate immune
system that holds substantial promise as a target for the development of vaccine adjuvants.

Invariant natural killer T cells

Natural killer T (NKT) cells are a unique subset of T lineage cells that coexpress T-cell
receptors (TCRs) and receptors of the natural killer (NK) cell lineage (FIGURE 1A). Although
these cells express TCRs and share common developmental pathways with conventional T
lymphocytes, many functional characteristics of these cells categorize them as components of
the innate immune system. Most NKT cells express a semi-invariant TCR, Va14-Ja18/V(8.2,
VB7 or VB2 in mouse [5-7], and V024-Ja18/VB11 in human [8,9]. As such, these cells have
a limited ligand repertoire, and are referred to as iNKT cells or type | NKT cells. The remaining
NKT cells express noninvariant TCRs, exhibit diverse ligand specificities and are referred to
as type 1l NKT cells [10]. Although there is growing evidence for an important
immunoregulatory role of type Il NKT cells [11-15], their immunological functions remain
incompletely understood, and we focus on iNKT cells in this review.

The phenotype of INKT cells shows a number of interesting features [16]. Several receptors
commonly found on NK cells are also expressed on iNKT cells. Chief among these is the C-
type lectin NK1.1 (also called Nkrplc or CD161; FIGURE 1A), an activation receptor that
biases cytokine secretion by iINKT cells toward IFN-y [17]. A significant subset of INKT cells
also express NKG2D [18], a highly conserved C-type lectin-like membrane glycoprotein
expressed on most NK cells and on subsets of T cells. NKG2D acts as an activating receptor
for enhancing cytolytic activity and cytokine secretion, and has been implicated in T- and NK
cell responses against viruses and tumors, as well as during autoimmunity [19]. In addition,
some iNKT cells, particularly thymic iNKT cells, express various Ly49 receptors [20,21], most
of which relay inhibitory signals. INKT cells also express CD94 [20,21], a component of the
inhibitory receptor CD94/NKG2A and the activating receptor CD94/NKG2C. Approximately
60% of iINKT cells express CD4 [22], which enhances TCR signaling in conventional, MHC
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class ll-restricted T cells. Emerging evidence indicates that CD4 can enhance iNKT cell
activation [23,24] and that CD4* and CD4~ iNKT cell subsets exhibit distinct functional
properties [18,25,26]. Compared with conventional T cells, the levels of TCR expression on
iNKT cells are substantially lower [22]. Furthermore, at baseline, iNKT cells exhibit an
activated phenotype, with high expression levels of CD44, CD69 and CD122, and low levels
of CD62L [22].

In sharp contrast with conventional T cells, which recognize peptide antigens presented by
MHC class | or 1l proteins, iINKT cells are specific for glycolipid antigens presented by the
MHC class I-related protein CD1d (FIGURE 1A) [22,27]. CD1d consists of a heterodimer of
aglycosylated heavy chain and Bo-microglobulin [28]. While related to MHC molecules, CD1d
is structurally quite distinct, with a binding pocket adapted for glycolipid antigens [15,29-
32]. CD1d is constitutively expressed on antigen-presenting cells, such as DCs, macrophages
and B cells, which mediate activation of iINKT cells in the periphery, and also on cortical
thymocytes, which are required for the development of iNKT cells during thymic selection
[33-36]. In addition, high levels of CD1d are found on Kupffer cells, sinusoidal endothelial
cells and hepatocytes in the liver [37]. CD1d is also expressed in the human intestine [38] and
is upregulated on microglial cells during inflammation in the brain [39].

The distribution of INKT cells has been well studied in mice. Quantitatively, murine iNKT
cells represent approximately 0.5% of all thymocytes, 0.5% of T cells in peripheral lymph
nodes, 2.5% of T cells in the spleen and peripheral blood, 5% of T cells in bone marrow and
30% of T cells in the liver [20,22]. While the distribution of INKT cells in humans is less well
characterized, they appear to be approximately ten-times less frequent in most organs,
including the liver [40,41]. In addition, the frequency of iINKT cells in human peripheral blood
is highly variable, differing up to 100-fold among individuals [42,43].

antigens for iNKT cells

AIlLNKT cells react with the glycolipid a-galactosylceramide (a-GalCer; FIGURE 1B), which
was originally isolated from the marine sponge Agelas mauritianus during a screen for reagents
with antimetastatic activities in mice [44-47]. a-GalCer bound with CD1d elicits extremely
strong interactions with the murine iNKT cell receptor [48,49]. This interaction is somewhat
weaker for the human iNKT cell receptor but remains robust.

More recently, it has become apparent that iNKT cells recognize several microbial glycolipids.
In particular, INKT cells react with a-anomeric glycosphingolipids, including a-
glucuronosylceramide and a-galacturonosylceramide, derived from the cell wall of
Sphingomonas bacteria [50-52]. Sphingomonas (also called Novosphingobium) species are
Gram-negative, lipopolysaccharide-negative a-proteobacteria that are ubiquitously present in
marine and soil environments. The Sphingomonas glycolipids are strong stimulators of iINKT
cells and play an important role in the host defense against Sphingomonas. As these glycolipids
are structurally similar to a-GalCer, and because marine sponges are often colonized by
bacteria, including Sphingomonas species [53], it has been suggested that a-GalCer is derived
from Sphingomonas or related microorganisms [54]. In addition to Sphingomonas antigens,
a-galactosyl-diacylglycerols from the spirochete Borrelia burgdorferi, the etiologic agent of
Lyme disease, can also activate iNKT cells [55]. Although iNKT cells play an important role
in generating protective, marginal-zone B-cell-derived antibodies during Borrelia infection
[56], the contribution of the Borrelia-derived iNKT cell antigens to this response remains
unclear.

In addition to microbial iNKT cell ligands, much attention has been given to the identification
of endogenous ligands. The idea that iNKT cells recognize an endogenous glycolipid(s) is
based on the observation that both mouse and human iNKT cells exhibit autoreactivity to
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CD1d-expressing cells [57-59]. Moreover, activation of iINKT cells by certain ligands of TLRs
requires reactivity toward CD1d [50,60]. Autoreactivity is also thought to mediate iNKT cell
development in the thymus during positive and negative selection and to influence the
maturation of new thymic iNKT cell emigrants in the periphery [36,61,62]. Recent findings
have demonstrated that the glycosphingolipid isoglobotrihexosylceramide (iGb3) can activate
the majority of mouse and human iNKT cells, but reactivity was weak compared with a-Galcer
or the bacterial antigens [63,64]. Hexosaminidase B-deficient mice, which lack the lysosomal
enzymatic activity to degrade a precursor lipid to iGb3, lacked iNKT cells [63]. However, a
contradictory report demonstrated that deficiency in iGb3 synthase, a putative enzyme essential
for iGb3 production, did not affect iNKT cell ontogeny and function [65]. Furthermore, it has
been reported that humans lack functional iGb3 synthase [66]. Nevertheless, it is possible that
an alternate synthesis pathway to iGb3 exists in vivo. One group of investigators was unable
to detect iGb3 in the thymus and peripheral lymphoid organs [67] but a more recent study,
employing highly sensitive detection techniques, reported the presence of iGb3 in human
thymus [68], lending support for the relevance of this molecule as an endogenous iNKT cell
antigen. Additional studies will be needed to investigate the physiological relevance of iGb3
and potentially other endogenous glycolipids, to iNKT cell biology.

iINKT cell responses to glycolipid antigens

Although a subset of the T-cell lineage, iINKT cells appear to play a pivotal role in bridging
innate and adaptive immunity [69]. As the identity of physiological ligands has remained
elusive, the function of iNKT cells has been studied predominantly with a-GalCer and its
derivatives. While iNKT cells are capable of cytotoxic activity through the expression of
perforins and granzymes as well as membrane-bound TNF family members, including Fas
ligand, their primary effector function is to modulate immune responses by producing various
cytokines [70]. Indeed, the hall-mark of INKT cell activation is the rapid and robust secretion
of a variety of cytokines, including IFN-y, IL-2, -4, -5, -10, -13, -21, granulocyte—-macrophage
colony-stimulating factor, TNF-a and -B, immediately following TCR engagement [71,72].
This is in direct contrast to naive, conventional T cells, which require prolonged primary
stimulation for cytokine secretion. Conventional CD4 T-cell responses usually also become
biased towards either Th1 or Th2 cytokine production, but iNKT cells have the capacity to
secrete both cytokines simultaneously [73]. INKT cells initiate IFN-y and IL-4 gene
transcription during thymic development, resulting in the presence of abundant mMRNA
transcripts in antigen-inexperienced iNKT cells, allowing rapid cytokine production upon
activation [74].

The cytokines secreted by activated iINKT cells amplify the immune response initiated by these
cells through transactivation of other cell types, including DCs, macrophages, NK cells, B cells
and conventional CD4 and CD8 T cells [75-79]. This is evidenced by rapid upregulation of
the activation marker CD69 or NK and B and T cells, and by induction of various costimulatory
molecules on DCs, macrophages and B cells, following in vivo injection of a-GalCer. Cytokine
production by these cells further contributes to the burst of cytokines initiated by the activated
iNKT cells. DCs activated by iNKT cells release significant levels of proinflammatory
cytokines, such as IL-12 and TNF-a, as early as 4 h after intravenous injection of a-GalCer
[80-82]. In response to IFN-y produced by iNKT cells and I1L-12 produced by DCs, NK cells
rapidly begin to secrete large amounts of IFN-y. The capacity to transactivate many other
immune cell types identifies iNKT cells as key modulators of innate and adaptive immunity.
These characteristics allow iNKT cells to efficiently amplify the adaptive immune response
during vaccination, permitting iNKT cell ligands to act as potent adjuvants.

While iNKT cells can produce copious amounts of Th1 and Th2 cytokines, the balance between
Th1 and Th2 cytokines varies according to the particular glycolipid antigen employed to
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stimulate these cells. Much like adjuvants that promote Th1 responses, such as bacterial CpG,
and adjuvants that promote Th2 responses, such as alum, the diversity observed among
glycolipid antigens provides flexibility in the application of iINKT cell ligands as vaccine
adjuvants. While a-GalCer induces secretion of a mixture of Th1 and Th2 cytokines by iNKT
cells [83], structural analogs of this reagent have been developed that preferentially elicit Thl
or Th2 cytokine production by iNKT cells [75,83-88]. For example, the C-glycoside analog
of a-GalCer, a-C-GalCer (FIGURE 1B) preferentially induces Thl cytokine secretion by iNKT
cells [88,89]. On the other hand, glycolipids with shorter lipid chains, such as OCH, or less
saturated lipid chains, such as C20:2 (FIGURE 1B), exhibit a Th2 bias in the cytokine
production profile elicited by iNKT cells [76,84-86,89]. It will be interesting to determine
whether iNKT cell antigens with variable structures derived from microbial pathogens can
similarly induce differential responses by iNKT cells. For the purpose of developing vaccine
adjuvants, the utility of structural variants of a-GalCer permits substantial flexibility in
exploiting the adjuvant activities of iINKT cells.

Kinetics of INKT cell responses

For naive, conventional peptide-reactive T cells, a primary antigenic stimulation in conjunction
with adequate costimulation is followed by expansion and differentiation into effector cells,
which typically takes several days. After clearance of the particular antigen, a population of
memory T cells with the same antigen specificity emerges to mediate a more rapid and effective
immune response during secondary challenge [1].

The response of glycolipid-reactive iNKT cells to antigenic stimulation is quite distinct from
that of conventional T cells. A detailed analysis of the in vivo response of murine iINKT cells
to a-GalCer has been reported by our laboratory and others. During the primary response to
a-GalCer, iNKT cells rapidly produce cytokines, concomitant with a rapid downregulation of
surface TCR expression, leading to an apparent ‘disappearance’ of these cells approximately
6-12 h after the initial a-GalCer treatment [90-93]. Surface TCR expression is largely restored
by 24 h and these cells then undergo an extensive in vivo expansion, reaching maximal levels
on approximately day 3, with a ten- to 15-fold increase in cellularity in the spleen [90-92]. In
vivo expansion of iINKT cells is also observed in other organs, such as the lymph nodes,
peripheral blood, liver and bone marrow, but not in the thymus. Following the peak response,
iNKT cells gradually decrease in number to levels slightly lower than prechallenge. During
this time period most iNKT cells lose NK1.1 expression, and this loss of NK1.1 expression
persists up to 6 months following the initial a-GalCer challenge [94].

Invariant natural killer T cells also become activated following infection with many
microorganisms [54]. While a few bacteria contain iNKT cell ligands, in most cases the precise
mechanism of iINKT cell activation remains unclear. However, most evidence indicates that
stimulation of TLRs and other pattern-recognition receptors on DCs by microbial products
results in the production of cytokines (e.g., IL-12, IL-18 and type | interferons), which, in turn,
activate INKT cells [60,95]. iNKT cell activation in this manner usually also requires CD1d
expression, possibly involving interactions of the INKT cell receptor with endogenous
glycolipid antigens, such as iGb3 [50,60,96]. In contrast to the mixed cytokine response of
iNKT cells to bacteria that contain cognate iNKT cell antigens, this indirect mode of INKT
cell activation results in a Th1-biased cytokine production profile, often with undetectable
levels of IL-4 [60]. Many microorganisms also induce a profound downregulation of NK1.1
on iNKT cells [97]. INKT cell expansion is rarely observed, but some infectious agents,
including Listeria monocytogenes [97] and lymphocytic choriomeningitis virus [98], induce
substantial INKT cell depletion in mice. Likewise, circulating iNKT cell numbers are also
suppressed in humans during certain chronic infections, including infections with HIV [43]
and Mycobacterium tuberculosis [99].

Expert Rev Vaccines. Author manuscript; available in PMC 2009 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kim et al.

Page 6

The secondary response of iNKT cells to a-GalCer challenge in mice is characterized by
hyporesponsiveness [94,100,101]. For at least 1 month after the initial challenge, iNKT cells
showed significantly suppressed capacity to proliferate and secrete cytokines in response to
rechallenge with a-GalCer both ex vivo and in vivo. This decrease in cytokine production was
associated with the inability of iNKT cells to transactivate DCs, B cells and NK cells, and these
anergic iNKT cells were unable to demonstrate anti-tumor activities against B16 melanoma
cells, indicating that a-GalCer-induced iNKT cell anergy might limit the utility of iNKT cell-
based therapies, at least when a-GalCer treatment is performed repeatedly. Results from
clinical trials of a-GalCer therapy in cancer patients are consistent with development of anergy
in human iNKT cells following administration of free a-GalCer [102].

Similar to a-GalCer, several microorganisms that down-regulate NK1.1, including Salmonella
typhimurium, Escherichia coli, Staphylococcus aureus, L. monocytogenes and Mycobacterium
bovis, bacillus Calmette—Guérin induced a hyporesponsive state in iNKT cells [97,103,104].
iNKT cell hyporesponsiveness has also been observed in the context of sulfatide injection,
which activates type 11 NKT cells and appears to indirectly influence iNKT cell functions
through DCs [105]. Thus, induction of hyporesponsiveness appears to be a common theme
following iINKT activation. iINKT cells from mice and humans with cancer also exhibit a
hyporesponsive phenotype, but it is unclear whether this is due to iINKT cell activation or active
suppression mediated by nitric oxide-producing macrophages [106,107]. This hyporesponsive
phenotype of iINKT cells, which has been observed in multiple settings, should be taken into
consideration when designing iNKT cell-based vaccine adjuvants.

Enhancement of adaptive cellular immunity by iNKT cells

The maturation of DCs by activated iNKT cells is central to the adjuvant activity of iNKT cells.
Initial studies demonstrated the capacity of a-GalCer to improve CD8 T-cell stimulation by
peptide-pulsed DCs ex vivo, but this only occurred at unusually high doses of peptide [108]. It
has been suggested that this vaccine strategy immobilizes DCs within the sinusoids of the
splenic red pulp, where iNKT cells are localized, and not in T-cell-rich areas where adaptive
immune responses are generated [80].

Several groups have reported that in vivo injection of a-GalCer induces phenotypic and
functional maturation of DCs leading to the priming of CD4 and CD8 effector T cells in mice
[81,109-111]. As early as 4 h after intravenous injection of 1-2 ug a-GalCer, profound
upregulation of costimulatory molecules, including CD40, CD80 and CD86, as well as
molecules involved in antigen capture and presentation, such as MHC class 11 and DEC205,
was evident on DCs [81,82]. Unlike other maturation stimuli for DCs, the effects of a-GalCer
were indirect because DCs from Ja18-deficient mice that lack iINKT cells failed to mature in
response to a-GalCer [81,109]. Furthermore, splenic DCs matured by a-GalCer in vivo
efficiently captured ovalbumin (OVA) protein antigens and exhibited enhanced stimulation of
naive CD4 and CD8 T cells in culture [81,109,111]. This maturation of splenic DCs was
accompanied by increased IL-12 and TNF-a secretion by DCs and IFN-y secretion by NK cells
[80-82]. Blockade of TNF-a or IFN-y during a-GalCer treatment prevented the upregulation
of costimulatory molecules and enhancement of immune responses induced by a-GalCer
[80,111]. However, expression of IFN-yR was not required for the adjuvant activities of a-
GalCer [109]. Instead, CD40-CD40L interactions between DCs and iNKT cells were crucial
for the induction of CD4 and CD8 T-cell immunity by a-GalCer-matured DCs. CD40L was
upregulated on iINKT cells following a-GalCer challenge and induced CD40 signaling in DCs
[82]. In the absence of either CD40 or CD40L, a-GalCer no longer acted as an adjuvant for T-
cell-mediated immunity [109,112]. This critical dependence on the delivery of CD40 signals
to DCs is surprising because antigen presentation and expression of costimulatory molecules
by DCs from CD40- and CD40L-deficient mice were largely unaffected [112]. Likewise, the
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improved adjuvant activity of a-C-GalCer compared with a-GalCer correlated with the degree
of CD40L upregulation on iNKT cells and antigen presentation by DCs, but not with
upregulation of CD86 on DCs [113]. Additional reports further showed that the adjuvant
activities of INKT cells require CD40 signaling and antigen presentation to CD8 T cells on the
same DCs [109,114]. Furthermore, it has been demonstrated that CD40 signaling on DCs by
activated iNKT cells results in upregulation of CD70 on DCs [114]. CD70 interacts with CD27,
acostimulatory receptor on CD8 T cells, and blocking the interaction between CD70 and CD27
abrogated the capacity of iINKT cells to promote CD8 T-cell-mediated immune responses
[114].

Additional studies showed that, among DC subsets, the CD8c.~ subset was most important for
T-cell priming induced by soluble a-GalCer, as this subset was largely responsible for IL-12
secretion [81]. Likewise, CD8u~ DCs in mediastinal lymph nodes were shown to play a critical
role in priming naive T-cell responses during the intranasal coadministration of a protein
antigen with a-GalCer [110].

Enhancement of adaptive humoral immunity by iNKT cells

Induction of a robust humoral immune response is crucial to the development of effective
vaccines against many pathogens. Therefore, the capacity of iNKT cells to enhance antibody
production by B cells has been closely scrutinized. Early studies demonstrated that a-GalCer
treatment induced an increase in total serum IgE antibody levels in mice [115,116]. Another
research group reported that human peripheral blood iNKT cells stimulated ex vivo with a-
GalCer promoted autologous memory B-cell responses [117]. Interestingly, iNKT cells
promoted antibody production even in the absence of a-GalCer, suggesting that autoreactivity
of iINKT cells conveyed by an endogenous ligand can provide B-cell help [117]. These
investigators further showed that murine iNKT cells enhanced antibody responses to protein
antigens in vivo, even in the absence of exogenous stimuli [118]. Likewise, another group of
investigators demonstrated that activation of iNKT cells by a-GalCer enhanced antibody
responses to coadministered T-cell-dependent antigens through the induction of persistent
plasma cell responses [119]. Another study showed that coadministration of intranasal allergen
with a-GalCer resulted in increased allergen-specific IgE production and exacerbation of
asthma induction [120]. Finally, additional studies showed that, in the setting of contact
hypersensitivity, iINKT cells were required for IgM production by marginal-zone B cells
[121,122].

Invariant natural killer T cells may influence antibody production by B cells in several ways.
During protein antigen challenge, cognate interaction of CD4* T cells with naive B cells is
critically important for driving affinity maturation, class switching, plasma cell differentiation
and memory B-cell development [123]. Similarly, the adjuvant activity of iINKT cells on the
generation of CD4 T-cell responses indirectly enhanced T-cell-dependent humoral responses
[118]. Interestingly, in addition to their effects on conventional CD4 T cells, it has been
demonstrated that INKT cells can substitute for conventional CD4 T cells in providing B-cell
help. For example, a-GalCer was able to induce significant antibody production against
coadministered protein antigens in MHC class I1-deficient mice [118]. Similar findings were
obtained in an independent study, but these investigators only observed antibody production
when agonistic anti-CD40 antibodies were coadministered with a-GalCer [124]. This group
also reported that a-GalCer enhanced production of antibodies against the T-cell-independent
antigen Ficoll [124]. Recent studies have shown an absolute requirement for CD1d expression
by B cells for the adjuvant activity of a-GalCer following immunization with a T cell-dependent
antigen [125], indicating that direct activation of B cells by iNKT cells is probably the primary
means of the adjuvant activity of a-GalCer. This principle has been exploited in studies that
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have targeted glycolipid antigens to B cells via the B-cell receptor, resulting in the recruitment
of cognate iNKT cell help for antigen-specific antibody production by B cells [126,127].

An additional mechanism by which iNKT cells might contribute to the generation of antibody
responses is through their capacity to induce IFN-y production by NK cells, thus promoting
IgG antibody production by B cells [128].

The effector mechanisms of iINKT cells that are responsible for the adjuvant activities of a-
GalCer on antibody responses remain unclear. While CD69 upregulation by B cells in response
to a-GalCer stimulation was dependent on I1L-4 secretion by iNKT cells [78], a-GalCer retained
its adjuvant activities in IL-4-deficient mice, suggesting that other cytokines such as IL-13 can
take its place [118]. Moreover, IFN-y production by iNKT cells was also dispensable, but was
required for the Th1l-like component (i.e., 1gG2;) of the humoral immune response [118].
However, akin to the capacity of iINKT cells to promote DC maturation, CD40-CD40L
interactions between B cells and iNKT cells were a critical component for the adjuvant activity
of a-GalCer on antibody production [118].

Collectively, these studies have provided strong evidence for potent adjuvant activities of a-
GalCer and related glycolipid antigens. Our current understanding of the mechanisms involved
is depicted in FIGURE 2.

iINKT cell-based adjuvants for vaccines against infectious diseases

The adjuvant activities of INKT cells have been tested in vaccines against several pathogens.
Although the physiological role of iINKT cells appears to be dispensable for inducing an
antibody response against pre-erythrocytic stages of malaria parasites, Tsuji and colleagues
found that a-GalCer greatly enhanced the protective antimalaria immunity induced by
irradiated sporozoites or recombinant viruses expressing a malaria antigen in mice [129]. This
adjuvant activity of a-GalCer was dependent on IFN-y production by iNKT cells. Extensive
studies investigating the immune response against malaria have demonstrated a central role
for CD8 T-cell immunity during the liver stages of the parasites [130], thus explaining the
requirement for IFN-y. These results further suggested that enhanced IFN-y production might
benefit the adjuvant activities of INKT cells. Consistently, Tsuji and colleagues found a 1000-
fold potentiation of the antimalaria immune response with a-C-GalCer, an a-GalCer analog
that induces more prolonged production of IFN-y and IL-12, with decreased production of IL-4
compared with a-GalCer [89].

Kang and colleagues evaluated the utility of a-GalCer as a mucosal adjuvant in different
vaccine formulations directed against an influenza virus [131]. Intranasal administration of
purified hemagglutinin or a hemagglutinin-expressing adenovirus, together with a-GalCer,
enhanced mucosal as well as systemic humoral immune responses to the virus. Additional
studies by Seino and colleagues showed that this immunization strategy stimulated mucosal
IgA production and afforded cross-protection against different influenza virus strains [132].
Furthermore, this vaccine provided long-term protective immunity without redirecting
antigens into the CNS, thus confirming the safety of the proposed vaccine strategy [133].

a-GalCer was also effective in enhancing the immunogenicity of HIV-1 DNA vaccine [134].
In a DNA prime—DNA boost regimen, this adjuvant activity was maximal when o-GalCer was
administered during the initial priming but not during the boost phase. Interestingly, in addition
to enhancing CD4 and CD8 T-cell responses, a-GalCer promoted a tenfold increase in humoral
immune responses, which is typically induced only at low levels by DNA vaccines.
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INKT cell-based adjuvants for tumor vaccines

a-GalCer was first identified while screening for a marine sponge-derived molecule with anti-
tumor activity against B16 melanoma cells in mice. Promising preclinical studies with a-
GalCer, a-GalCer analogs and a-GalCer-loaded DCs in mice [135] have led the way to several
clinical trials in cancer patients [102,136-138]. Although significant anti-tumor efficacy has
not yet been achieved, these studies have demonstrated the safety of a-GalCer treatment in
humans. Several studies have investigated the capacity of iINKT cell ligands to promote the
efficacy of cancer vaccines [139]. Cerundolo and colleagues immunized mice with a viral
vector containing the OVA antigen [111]. a-GalCer significantly enhanced priming and
boosting of CD8 T cellsto OVA, which resulted in the eradication of established tumors bearing
OVA antigens. Similar results were obtained with the human cancer/testis antigen NY-ESO-1,
which is normally expressed in tumor tissue but not in adult somatic tissue [111]. a-GalCer
significantly enhanced T-cell immunity against a clinically relevant HLA-A2-restricted
peptide epitope of the NY-ESO-1 antigen. Steinman and colleagues have observed that
intravenous coadministration of a-GalCer with irradiated MHC class I-negative plasmacytoma
cells in mice led to improved T-cell immunogenicity through maturation of splenic DCs that
captured and presented tumor antigens [140]. This vaccine strategy conferred tumor resistance
for at least 2 months. The adjuvant activity of a-GalCer against the irradiated plasmacytoma
vaccine required CD4 and CD8 T cells, as the depletion of these cells abrogated tumor
resistance. Consistently, a-C-GalCer, which is more effective than a-GalCer in inducing Thl
responses and DC maturation, was superior to a-GalCer in promoting antitumor activity
[113]. Fujii and colleagues further showed that intravenous delivery of a-GalCer-loaded B16
melanoma cells transduced with CD1d provided protective immunity against subcutaneous
rechallenge of the melanoma cells [141]. These findings were reproduced with three additional,
poorly immunogenic tumors. Importantly, immunity was long lived, persisting for 6-12
months. In addition, this vaccine strategy was effective during intravenous and subcutaneous
tumor challenge, whereas a-GalCer-loaded DCs only demonstrated significant efficacy when
the tumor cells were challenged intravenously [142]. Mechanistic studies further showed that
the glycolipid-loaded tumor cells conferred tumor resistance through activation of CD8a* DCs
that captured these tumor cells and cross-presented the glycolipid to iINKT cells (FIGURE 3)
[141]. Tumor resistance in this vaccine model required CD4 and CD8 T cells [141,143].

Expert commentary

The preclinical studies demonstrating robust adjuvant activities of iNKT cell ligands in a
variety of vaccine settings raises enthusiasm for developing these reagents as a new class of
adjuvants. As iNKT cell ligands are distinct in their mechanism of action from currently
employed vaccine adjuvants, their utility might complement that of other adjuvants.
Furthermore, variations in the capacity of distinct iNKT cell ligands to promote Thl or Th2
immune responses offers flexibility in tailoring vaccine strategies according to the specific
cytokine profiles required for inducing protective immunity against target microorganisms or
tumors. For instance, a-C-GalCer induces a Th1-polarized cytokine production profile by
iNKT cells, mediates more effective maturation of DCs and induces stronger cellular immune
responses against tumors and viruses than a-GalCer [113]. In vaccine settings where a Th2
cytokine environment is critical for induction of effective humoral immunity, reagents such as
OCH or C20:2 might provide a better adjuvant activity. In addition, a-GalCer has demonstrated
efficacy in both systemic and mucosal vaccine regimens [131], further emphasizing the
versatility of this glycolipid.

Nonetheless, a better understanding of the immunological functions of iINKT cells will be
needed to develop iINKT cell antigens as effective vaccine adjuvants. Acquisition of an anergic
phenotype by murine iNKT cells following strong stimulation with a-GalCer is of practical
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concern in utilizing these cells as adjuvant targets, because the vaccine regimens will need to
take into consideration previous exposure to iINKT cell antigens. In this context, the recent
development of a nonglycosidic iNKT cell antigen, threitolceramide (FIGURE 1B), exhibiting
reduced activation-induced anergy while retaining the capacity to mature DCs and prime T
and B cells [144], provides a potential solution to overcoming the problem of iNKT cell anergy.
Another possibility is to utilize low doses of iINKT cell ligands that fail to induce iNKT cell
anergy, a method employed by Galli and colleagues in a vaccine strategy that involved priming
and boosting in the presence of a-GalCer [118]. Nevertheless, this approach might also be
flawed because continued activation of iNKT cells triggered by Sphingomonas ligands released
in small amounts during persistent infection resulted in destruction of bile ducts, resembling
primary biliary cirrhosis in humans [145]. Thus, repeated low-dose treatment with iNKT cell
antigens, in conjunction with vaccine antigens, might induce unexpected side effects resulting
from chronic immune system activation.

Of more significant concern is the induction of INKT cell hyporesponsiveness by
microorganisms themselves. Aside from routine infection, which may impact iNKT cell
functions, vaccines derived from inactivated microorganisms might also interfere with the
adjuvant activities of these cells during subsequent vaccination. iNKT cells in cancer-bearing
individuals also exhibit hyporesponsiveness [106,107], potentially limiting the utility of INKT
cell-based adjuvants in cancer patients. We currently have limited understanding of the impact
of prior iNKT cell stimulation on the functional responses of these cells in humans, but it
probably reflects our results in mice [102]. iINKT cell numbers and functions have wide
individual variability in humans, probably reflecting genetic polymorphisms, as well as
environmental influences such as infection, cancer or various other chronic diseases [20,146].
In many cases iNKT cell functions were significantly suppressed. Clinical trials in terminal
cancer patients have further demonstrated that activation of the biological functions of INKT
cells with free a-GalCer is challenging [102,147]. Interestingly, in a study where o-GalCer was
administered to patients at three consecutive 7-day intervals, decreased biological activity was
obtained upon each subsequent treatment [102], probably reflecting iNKT cell anergy.
Additional studies with a-GalCer-loaded DCs have demonstrated not only improved
mobilization of iNKT cell functions, but also lack of iINKT cell anergy [136,138,142].
However, it is unlikely that the latter approach can be applied on a routine basis during
therapeutic tumor vaccination. Alternative methods of activating iNKT cells that avoid the
induction of iNKT cell anergy will be needed for developing effective human vaccines.

Another potential obstacle is that INKT cell antigens might induce a tolerogenic environment
that can adversely affect their adjuvant activity. Complete Freund’s adjuvant, which is
commonly used in experimental animals, promotes the development of tolerogenic
macrophages that has impacted its utility as a vaccine adjuvant [148]. In the case of INKT cells,
the tolerogenic activities of these cells have been associated with Th2 cytokine secretion [70,
83], suggesting that induction of a tolerogenic environment can be avoided with iINKT cell
ligands that promote Th1 cytokine secretion by iNKT cells.

Although a-GalCer has been well tolerated during a number of clinical trials for cancer and
hepatitis C virus infection [102,136-138,149], this glycolipid has been associated with a
number of side effects in mice, including hepatotoxicity, abortion, atherosclerosis and allergy
[83]. As more effective ways to mobilize iNKT cell functions are being developed, we will
need to recognize the possibility that similar adverse drug reactions might occur in humans.

Five-year view

Future studies in the field should be focused on optimizing iINKT cell-based adjuvant strategies
and overcoming obstacles to clinical application. The key objective should be to effectively
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mobilize the adjuvant activities of iNKT cells in humans containing variable numbers and
functions of these cells while avoiding detrimental side effects. Major research efforts should
be focused on identifying structural variants of a-GalCer or novel iNKT cell antigens with
superior adjuvant activities. Furthermore, it will be important to identify iNKT cell antigens
or vaccine strategies that minimally affect the secondary response in order to retain the capacity
to employ iNKT cell adjuvants during priming and boosting.

Another important area for future investigation is to explore combination adjuvants, combining
the adjuvant activities of INKT cell antigens with other adjuvants. For instance, because -
GalCer acts independently of the TLR adaptor protein MyD88 [81] it might synergize with
TLR ligands in promoting the maturation of DCs. One study has already provided evidence
for cooperation between the adjuvant activities of a-GalCer and bacterial monophosphoryl
lipid A, which binds with TLR4 [111]. However, such synergistic effects were not observed
when a-GalCer was combined with several other TLR ligands [119]. Combination vaccine
adjuvants might be able to employ low doses of iNKT cell antigens, thus avoiding some of the
obstacles associated with treatments that require high doses of iINKT cell antigens.

Key issues

Invariant natural killer T (iNKT) cells express a semi-invariant T-cell receptor that
is reactive towards glycolipid antigens presented by the CD1d protein.

iNKT cells have potent adjuvant properties that can be harnessed with cognate
glycolipid antigens, such as a-galactosylceramide (a-GalCer).

iNKT cell activation with a-GalCer results in rapid secretion of Thl and Th2
cytokines, leading to transactivation of various other immune cells.

iNKT cell ligands promote adaptive cellular immunity by inducing the maturation
and antigen-presenting properties of dendritic cells.

iNKT cell ligands promote adaptive humoral immunity by interacting with B cells
and through their capacity to promote CD4 T-cell responses.

Preclinical studies have demonstrated the efficacy of a-GalCer as an adjuvant in
vaccines directed against microorganisms and tumors.

Future studies should focus on optimizing the adjuvant activities of iINKT cell
ligands while minimizing their side effects, using a-GalCer analogs and/or by
combining iINKT cell-based adjuvants with other adjuvants.
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Figure 1. iINKT cells and immunomodulatory glycolipids with adjuvant activity
(A) INKT cells recognize glycolipids presented by CD1d. (B) a-GalCer and related glycolipids

with promising adjuvant activities.
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DC: Dendritic cell; GalCer: Galactosylceramide; iNKT: Invariant natural killer T cell; TCR:

T-cell receptor; ThrCer: Threitolceramide.

Expert Rev Vaccines. Author manuscript; available in PMC 2009 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Kim et al. Page 21

Antibody -

: CD40-CD40L il
- - ——= IL-4, IL-13, IFN-y

\ P
’ TCR

CD‘]da-GaICer

CD40-CD40L
———— IL4, IFNy

CD27-CD70

Expert Rev. Vaccines © Future Science Group (2008)

Figure 2. Enhancement of humoral and cellular immunity by iNKT cells

Upon coadministration of a-GalCer and a vaccine antigen, a-GalCer is presented by dendritic
cells (DCs) and B cells to iNKT cells, resulting in upregulation of CD40 on these cells. DCs
also upregulate other costimulatory molecules, including CD80, CD86 and CD70, and start
producing cytokines, such as IL-12 and TNF-a. Activation of iINKT cells also results in the
transactivation of NK cells, which start producing IFN-y. The adjuvant activities of a-GalCer
for adaptive cellular immune responses require presentation of a-GalCer and MHC class I- or
class Il-restricted antigens by the same DCs. The adjuvant activities of a-GalCer for adaptive
humoral immunity are mediated indirectly through the adjuvant activities of a-GalCer on Th
cell responses, and directly by interactions between antigen-specific B cells and iNKT cells.
CTL: Cytotoxic T lymphocyte; GalCer: Galactosylceramide; iINKT: Invariant natural killer T
cells; NK: Natural Killer cell; TCR: T-cell receptor.
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Figure 3. a-GalCer-loaded tumor cells as therapeutic tumor vaccines

In this promising vaccine strategy, tumor cells expressing CD1d (endogenously or following
transfection with the CD1d gene) are loaded ex vivo with a-GalCer and then administered to
tumor-carrying subjects. The tumor cells are then taken up by dendritic cells (DCs), which
cross-present a-GalCer to iNKT cells, and tumor antigens to MHC-1- and -11-restricted T cells.
The adjuvant activity of a-GalCer in this model is mediated through activation of tumor
antigen-presenting DCs, with a key role for CD40-CD40L interactions between DCs and iINKT
cells.

CTL: Cytotoxic T lymphocytes; GalCer: Galactosylceramide; iINKT: Invariant natural killer
T cells; TCR: T-cell receptor.
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