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Invariant natural killer T (iNKT) cells are a versatile subclass of T lymphocytes which
recognize glycolipid antigens. iNKT cells are capable of rapidly producing a broad array of
cytokines in response to stimulation; thus, they play an important role in the early regulation of a
variety of immune responses. It was hypothesized that iNKT cells express functional Toll-like
receptors (TLRs) and that stimulation of TLRs by their ligands modulates iNKT cells responses.
In the first objective, it was revealed that upon stimulation with anti-CD3 monoclonal antibody
and interferon (IFN)-α, expression of TLRs was enhanced in iNKT cells. Furthermore,
stimulation of iNKT cells with TLR ligands led to a significant increase in the expression of
several cytokines. In the second objective, the mechanisms behind the modulatory effects of the
TLR9 ligand (CpG-ODN) on iNKT cells were determined. Altogether, these findings suggest a
direct role for TLRs in iNKT cell activation.
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Chapter I: Introduction – Invariant Natural Killer T cells and Toll-like
Receptors
The mammalian immune response possesses both innate and adaptive characteristics. As
such, immune system cell types and their expressed receptors have also been thought of as being
either “innate” or “adaptive” in their ability to respond to foreign bodies or microbial infection.
The innate receptors can be expressed by most cell types and are broad in their recognition of
foreign or altered molecules. They are often referred to as pattern recognition receptors (PRRs)
for their ability to sense pathogen-associated molecular patterns (PAMPs). PAMPs are not
typically found in the host; thus their detection can initiate danger signals to the rest of the
immune system. Many PAMPs are found in microbial components and include
lipopolysaccharide (LPS), flagellin, double-stranded (ds) RNA, single-stranded (ss) RNA, and
unmethylated DNA containing CpG sequence motifs. On the other hand, the receptors which are
characteristic of the adaptive immune system are expressed exclusively by B cells and T cells
and are highly specific in their recognition of unprocessed and processed peptide antigens,
respectively. Each T cell possesses one T cell receptor (TCR) specificity which recognizes a
peptide sequence, known as an epitope, complexed with host-expressed major histocompatibility
complex (MHC) class I or II. This specificity is achieved through genetic rearrangement during
T cell development, which contrasts with the comparatively rigid genetic encoding of PRRs
(Janeway et al., 2008).
Recent developments over the past two decades have blurred the line between “innate cells”
and “adaptive cells.” Indeed, the activity of innate immune system cells can be considerably
shaped by adaptive cells and vice versa. In addition, T cells and B cells have been shown to
possess their own repertoire of PRRs, including the Toll-like receptors (TLRs) (Hornung et al.,
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2002). Furthermore, some clarity is being gained regarding lymphocytes with innate properties,
including T cell subsets which possess restricted TCR repertoires, such as γδT cells and invariant
natural killer T (iNKT) cells. The importance of the interaction between innate and adaptive
mechanisms of immunity is becoming more apparent and they must now be thought of as
interdependent, rather than as discrete, entities which work in concert to elicit an optimal and
appropriate response to infection. Therefore, further investigation into the interface between the
innate and adaptive responses is likely to lead to a fuller understanding of how overall immune
responses can be modulated.
One example of the cross-talk between innate and adaptive functions is the existence of T
cell subsets which possess innate-like properties, such as iNKT cells. Activation of iNKT cells
by their invariant TCR has been well documented (Bendelac et al., 2007). However, iNKT cells
also express their own repertoire of PRRs, including TLRs (Moreno et al., 2009), the
significance of which is not fully understood. The present research is focused on the expression
of various TLRs by iNKT cells, as well as the outcomes of direct stimulation of iNKT cells by
TLR ligands.
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Literature review
Invariant NKT (iNKT) cells – identification and function
As previously mentioned, one of the immune system cell types which has been shown to
function at the theoretical interface of innate and adaptive immune responses is the iNKT cell,
sometimes referred to as the type 1 NKT cell (Bendelac et al., 2007). iNKT cells possess some of
the phenotypic and functional characteristics of both natural killer (NK) cells, which are innate in
their responses, and T cells, which are adaptive; for example, many iNKT cells express the NKassociated surface marker NK1.1 in mice (CD161 in humans), as well as a fully functional T cell
receptor (TCR) (Kulkarni et al., 2010b).
iNKT cells are distinct from conventional T cells in that they recognize lipid and glycolipid
antigens, rather than peptide antigen. iNKT cells typically respond to glycolipid antigens
presented by MHC class I-like CD1d molecules expressed on the surface of antigen presenting
cells (APCs). iNKT cells can be further distinguished from other CD1-restricted T cells,
including type 2 NKT cells, in that they exclusively express the Vα14-Jα18 TCR (Vα24-Jα18 in
humans) (Lantz and Bendelac, 1994). In mice, most iNKT cells are either CD8-/CD4+ or CD8/CD4-(DN) (Kulkarni et al., 2010b). Therefore, it is reasonable to suggest that a small
subpopulation of iNKT cells resides within populations of CD4+ T cells.
In response to TCR engagement, iNKT cells are capable of releasing significant quantities of
cytokines commonly associated with T helper type 1 (TH1) cells and TH2 cells (Table 1). While
iNKT cells appear to have cytotoxic capabilities mediated by perforin and granule exocytosis
pathways (Shimizu et al., 2002; Wingender et al., 2010), their relatively low numbers compared
to other cytotoxic lymphocytes, such as natural killer (NK) cells and CD8 + cytotoxic T
lymphocytes (CTLs), in addition to their remarkable ability to rapidly and potently release

3

cytokines in response to stimuli, suggests that while they exert local effects through their
cytoxicity, they exert more global effects by regulating the responses of other cells of the
immune system (Chamoto et al., 2004). Interestingly, contrasting with mice, human iNKT cell
populations contain a CD8+ subset which exhibits a bias towards TH1-type cytokine production
and increased cytotoxic activity compared to CD4+ or DN iNKT cell populations (Takahashi et
al., 2002).
iNKT cells are found in low numbers relative to conventional T cells, but can be located in
any compartment where conventional T cells are found (Berzins et al., 2005). In general, iNKT
cells comprise 0.1-1.0% of all T lymphocytes, except in mouse liver and bone marrow, where
iNKT cells account for up to 30% and 23% of T lymphocytes, respectively, depending on the
mouse strain (Hammond et al., 2001). Likely due to the heterogeneous and outbred nature of
general human populations, variation between human iNKT cell populations is higher than
within mouse strains. Overall, iNKT cells make up about 100 times more of the total T cell
population in mice than in humans (Brennan et al., 2013).
The functions of iNKT cells are varied as they have been shown to play significant roles in
the immune response to parasites, viruses, bacteria, fungi, and cancer (Tupin et al., 2007; Tyznik
et al., 2008; Ishikawa et al., 2010). iNKT cells have also been found to play an important role in
the mediation of autoimmune disease and asthma (Silk et al., 2004; Chang et al., 2011). The
mechanisms of iNKT cell function in the context of the above processes can involve the
engagement of the TCR by CD1d-loaded antigen alone, paracrine stimulation by cytokines such
as IL-12 and IL-18, or a combination of TCR engagement and paracrine stimulation.
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Ligation of Vα14-Jα18 TCR
The classical experimental activator of the iNKT TCR is the glycolipid molecule αgalactosylceramide (α-GalCer) presented in the context of the MHC-like antigen presenting
molecule, CD1d (Kawano et al., 1997). However, the biological significance of this ligand is
debatable since α-GalCer originates from the marine sponge, Agelasmauritianus (or possibly a
Sphimgomonas species resident on the sponge) and the natural circumstances under which a
human or mouse iNKT cell might be exposed to such a glycolipid antigen have yet to be
elucidated. In fact, the α-glycolipids of this structural type do not naturally exist in mice or
humans. Rather, it is more likely that the iNKT cell TCR naturally encounters endogenous or
bacterial-derived glycolipids such as α-glucuronosylceramide and α-galacturonosylceramide
found in Sphingomonas species (Mattner et al., 2005; Stronge et al., 2007).
In mice, the presentation of host-derived glycolipid self-antigens was once thought to play a
significant role in iNKT cell activation. One such glycolipid is isoglobotrihexosylceramide
(iGb3) (Bendelac et al., 2007), the recognition of which can lead to low-levels of autoreactivity
towards the APC by iNKT cells (Gapin, 2010). This self-recognition, combined with interleukin
(IL)-12 from PRR-stimulated APCs, may contribute to the activation of iNKT cells, resulting in
their release of interferon (IFN)-γ (Mattner et al., 2005). However, the biological significance of
iNKT cell activation by iGb3 has since been disputed and is no longer accepted at face value
since mice and humans which lack iGb3 synthase have normal iNKT cell populations (Porubsky
et al., 2007; Brennan et al., 2013).
In addition, the search for iNKT cell-specific self-antigens has led to the identification of βglycosylceramide (β-GlcCer) and plasmalogen lysophosphatidylethanolamine (lysoPE) (Brennan
et al., 2013). Their importance in the activation of iNKT cells remains somewhat unclear;
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however, a deficiency in either β-GlcCer or plasmalogen lysoPE appears to result in defective
iNKT cell activation or development (Margalit et al., 2005; Facciotti et al., 2012). Thus, it is
possible that these self-antigens may be a significant source of stimuli for iNKT cells under
physiological conditions.
Exogenous glycolipids may also play a role in the activation of iNKT cells, a classical
example in research scenarios of which is α-GalCer. One of the major sources of such antigens is
bacterial components; however, in the context of mycobacterial infection, defects in either the
TCR or CD1d do not necessarily result in reduced bacterial clearance (Behar et al., 1999). In this
case, it is possible that signalling through other PRRs for an array of different mycobacterial
PAMPs plays a more important role in bacterial clearance.
The iNKT cell TCR is not restricted to natural glycolipid antigens and it has been
demonstrated that the synthetic non-glycosidic compound threitolceramide is capable of eliciting
a significant increase in IL-4 and IFN-γ in the serum, though somewhat less so than α-GalCer at
the same dose (Silk et al., 2008). While it remains to be seen whether such compounds could be
synthesized naturally, as specific activators of iNKT cells, non-glycosidic compounds possess
the potential for use as vaccine adjuvants or immunostimulants.
iNKT cell cytokine production
As a result of engagement of the Vα14-Jα18 TCR with glycolipid antigen mounted on CD1d,
iNKT cells rapidly produce large quantities of IFN-γ and IL-4. In mice injected with anti-CD3
monoclonal antibody (mAb) or α-GalCer, serum IL-4 is found to be up-regulated as early as 2
hours post-treatment (Yoshimoto and Paul, 1994; Miyamoto et al., 2001). The spike in anti-CD3induced IL-4 can be attributed nearly entirely to iNKT cells since conventional CD4+ T cells
produce only very small amounts of IL-4 within hours of activation (Bendelac et al., 1997).
6

Thus, it has been speculated that iNKT cells play an important role in the initiation of T H2
responses since they are a significant source of IL-4 in the early phases of the adaptive immune
response. Following the initial burst of IL-4 production, iNKT cells also produce large quantities
of IFN-γ, contributing to the circulating IFN-γ from activated dendritic cells (DCs) and NK cells
(Miyamoto et al., 2001; Bendelac et al., 2007). In this way, iNKT cells may contribute to
achieving optimal development of the TH1 response and cytolytic activity of NK cells and CD8+
T cells.
The hallmark rapid production of IFN-γ and IL-4 by iNKT cells is thought to be mediated by
a combination of translational and transcriptional control. Evidence suggests that iNKT cells
constitutively express high levels of mRNA for IFN-γ and IL-4 (Stetson et al., 2003; Matsuda et
al., 2008). Upon stimulation, iNKT cells then rapidly up-regulate translation of these transcripts
into IFN-γ and IL-4 protein. Production is further controlled at the transcriptional level. For
instance, iNKT cells can simultaneously express the transcription factors T-bet and GATA-3,
allowing them to transcribe IFN-γ and IL-4 mRNAs, respectively (Matsuda et al., 2008). This is
in stark contrast with conventional TH1 and TH2 cells, where the expression of either T-bet or
GATA-3 normally suppresses the expression of the other. Also unlike conventional T cells, this
transcription pattern is established during thymic development and is thought to be mediated by
granulocyte macrophage-colony stimulating factor (GM-CSF) (Stetson et al., 2003; Bezbradica
et al., 2006).
iNKT cells also express a number of the same transcription factors associated with other
CD4+ T cell subtypes, such as NF-κB, c-Rel, NFAT, AP-1, STAT6, and Itk (Matsuda et al.,
2008). This may help to explain their ability to produce such a broad array of cytokines in
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contrast with conventional T cell subtypes (Table 1). However, the precise mechanisms which
allow for such a broad expression of transcription factors have yet to be described in detail.
Stimulation of iNKT cells by cytokines
While iNKT cells possess a functional TCR, they may also respond in a TCR-independent
manner to cytokines. Recent studies have demonstrated, through blocking iNKT cell TCR
ligation with anti-CD1d Abs, that TCR engagement played a relatively minor role in iNKT cell
activation in the context of certain viral infections; rather, iNKT cell activation could instead be
achieved by IL-12 or IL-18 (Reilly et al., 2010). Indeed, iNKT cells have previously been shown
to be responsive to a combination of IL-12 and IL-18, which induce proliferation, IFN-γ
production, and acquisition of cytotoxic functions against Fas+ cells by the increased expression
of FasL (Leite-de-Moraes et al., 1999). Like NK cells and conventional naïve CD4+ T cells,
iNKT cells have been shown to be activated by IFN-α and IL-12 in the context of murine
cytomegalovirus (MCMV) infection (Wesley et al., 2008; Brigl et al., 2011). Under
physiological conditions, IFN-α, IL-12, and IL-18 originate in large amounts from APCs, such as
plasmacytoid DCs (pDCs), DCs, or macrophages. It is therefore likely that iNKT cells are under
the influence of APCs not only through their CD1d-dependent presentation of glycolipid antigen,
but also by their release of stimulatory cytokines.
Stimulation of iNKT cells by their surface proteins
iNKT cells can also be activated through cell surface proteins. For example, iNKT cells have
been found to express OX40, which can engage with OX40L expressed by DCs. iNKT cell
activation through OX40 was shown to contribute significantly to the overall capacity of iNKT
cells to produce IFN-γ and express CD69, an activation marker of T cells and NK cells (Zaini et
al., 2007). Similar to conventional T cells, iNKT cells may also constitutively express CD28 and
8

have been experimentally stimulated with anti-CD28 mAb; thus, they may also be activated by
co-stimulatory molecules CD80 and CD86 expressed by antigen presenting cells (APCs)
(Hayakawa et al., 2001; Bendelac et al., 2007; van den Heuvel et al., 2011).
iNKT cells also express their own repertoire of NK receptors, such as NK1.1 and NKG2D
(Reilly et al., 2010; Brennan et al., 2013). While it appears that murine iNKT cells can be
activated through NK1.1 alone, human iNKT cells do not appear to be responsive to activation
through the human counterpart, CD161, except as a co-stimulatory molecule in combination with
TCR activation (Exley et al., 1998). However, NK1.1/CD161 expression by mammalian iNKT
cells is not unique since some conventional virus-specific CD8+ or CD4+ T cells can also express
NK1.1, along with other NK-associated markers, such as DX-5 and asialo-GM1 (ASGM1)
(Slifka et al., 2000).
NKG2D is a receptor found mainly on NK cells which recognizes stress signals, such as
MHC class I-like (MHC) molecules MIC-A and MIC-B, expressed on the surface of adjacent
cells (Bauer et al., 1999). Amongst T cell subtypes, both γδT cells and some CD8+ CTLs are
NKG2D+ (Ogasawara and Lanier, 2005). It was observed by Kuylenstierna and colleagues that
while CD4+ iNKT cells are mostly NKG2D-, those which are NKG2D+ tend to be CD4- and also
express perforin. Similar to NK cells, direct stimulation of iNKT cells through NKG2D results in
their degranulation (Kuylenstierna et al., 2011). NKG2D may also function as a co-stimulatory
receptor on iNKT cells, since co-stimulation through NKG2D with suboptimal levels of antiCD3 mAb results in increased cytokine production (Kuylenstierna et al., 2011). Thus, it appears
that the expression of NK-associated receptors may play a role in the differential cytokine
production by iNKT cells, but their significance in vivo is still unclear in this regard.
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Effect of iNKT cells on other immune system cell types
While iNKT cells do express NK receptors and have been shown to possess cytotoxic
properties through the Fas/FasL (Wingender et al., 2010) and granule exocytosis pathways
(Kuylenstierna et al., 2011), due to their low frequency, their cytotoxic effects are limited to the
distribution of iNKT cells. On the other hand, evidence suggests that they also exert broad
influence on the immune response through the rapid production and release of cytokines. iNKT
cells have been shown to regulate the activity of cytotoxic T lymphocytes (CTLs) either directly
through cytokines (IFN-γ, IL-2, tumour necrosis factor (TNF)-α), or indirectly by activating
APCs (Ito and Seishima, 2010). iNKT cells have also been shown to rapidly activate NK cells
through their release of IFN-γ (Carnaud et al., 1999). Therefore, iNKT cells can promote the
cytolytic activity of activated cytotoxic cell types, which they themselves may also represent a
small fraction of.
iNKT cell interactions with dendritic cells (DCs)
iNKT cells can enhance the priming of CD4+ and CD8+ T cells by DCs (Hermans et al.,
2003, 2007). This has been shown to occur through surface contact between iNKT cells and
DCs, specifically through CD40/CD40L interaction. Unlike wild-type mice, CD40L-/- mice that
were injected with α-GalCer and ovalbumin (OVA) did not show any enhancement of CD8+ T
cell activation by α-GalCer; however, when α-GalCer and OVA were injected into IFN-γR-/mice, the enhancing effect of α-GalCer on CD8+ T cell activation did not differ from these
effects in wild-type mice. This suggests that iNKT cell-mediated enhancement of CD8+ T cell
priming by DCs is dependent on CD40/CD40L interactions and not on IFN-γ (Hermans et al.,
2003).
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Yang and colleagues described the relationship between APCs and iNKT cells such that IFNγ is required to enhance IL-12 production from APCs, which in turn induces the production of
IFN-γ by other T cells in a positive feedback loop (Yang et al., 2000). Since IFN-γ contributes to
the optimal activation of APCs and activated iNKT cells are a significant source of IFN-γ, it
appears that iNKT cells could play an important role in optimal antigen presentation.
iNKT cell interactions with macrophages
In addition to their significant interface with DCs, iNKT cells also interact with
macrophages. Macrophages express high levels of CD1d and are thus well equipped to activate
iNKT cells through their TCR. Indeed, iNKT cells have been shown to associate with
macrophages early in the immune response in a CD1d-dependent manner. In 2010, at least two
groups were able to visualise iNKT cells in situ and observed iNKT cells and macrophages in
close physical proximity. In the spleen, iNKT cells were shown to interact with macrophages,
whereas in the liver, they were shown to be associated with Kuppfer cells (Barral et al., 2010;
Lee et al., 2010). These findings provide a possible explanation of how iNKT cells can encounter
bacterial glycolipid antigen since macrophages encounter and deal directly with many antigencontaining microorganisms.
Effect of iNKT cells on the antiviral immune response
Since iNKT cells can potentially impact the behaviour of many other cells, including those
which are involved in the antiviral response, it would seem feasible that iNKT cells are necessary
to achieve optimal antiviral protection and clearance. However, in reality, this is not necessarily
the case and iNKT cells seem to be important mediators of immunity to some viruses while
being completely dispensable in other instances. Much about the role of iNKT cells in antiviral
responses remains unclear; however, iNKT cells seem to be targeted specifically by some viruses
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as an evasive adaptation strategy. Although iNKT cells also play an important role in
antibacterial responses and the recognition of some bacterial-derived glycolipids, the present
work focuses on their contribution to antiviral responses; thus, the antibacterial properties of
iNKT cells will not be reviewed here.
Hepatitis B virus (HBV)
In a mouse model, enhanced HBV clearance was associated with α-GalCer administration
(Kakimi et al., 2000). Since iNKT cells comprise around 20-30% of hepatic lymphocytes, it is
not surprising that they appear to play a key role in the mediation of hepatitis. However, since
the administration of α-GalCer leads to the rapid depletion of iNKT cells from the liver within
one day of injection, it is also possible that the resulting infiltration of NK cells plays a
significant effector role in the response to HBV infection. In a 2001 follow-up study, Kakimi and
colleagues demonstrated that while hepatic recruitment of inflammatory cells does indeed occur
by way of various chemokines, this recruitment was not required for α-GalCer-mediated IFN-γ
production in the liver. In mice treated with anti-chemokine antibodies and thus lacking the
ability to recruit inflammatory cells to the liver, similar levels of IFN-γ mRNA was detected to
control-treated mice in which iNKT cells-mediated chemokine production resulted in the normal
recruitment of inflammatory hepatic lymphocytes (Kakimi et al., 2001). This suggested that
hepatic iNKT cells in particular may exert IFN-γ-mediated antiviral activity in other cells
resident in the liver in addition to their role in local cytotoxicity.
Influenza A virus (IAV)
Several studies have aimed to identify a possible role for iNKT cells in the immune response
to IAV infection. Early work in this area demonstrated that CD8+ T cells acquired NK1.1
expression after challenge with influenza A virus in mice (Assarsson et al., 2000); however, it
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was not determined whether these NK1.1+CD8+ T cells were Vα14-Jα18+ iNKT cells. A more
recent study has shown that iNKT cells play a key anti-suppressive role in influenza A virus
infection (De Santo et al., 2008). Both CD1d-/-and Jα18-/- mice, which lack functional iNKT
cells, demonstrated increased suppressive activity by an expanded myeloid-derived suppressor
cell (MDSC) population, resulting in increased mortality. This suppressive activity was reversed
and survivability was restored by the adoptive transfer of iNKT cells, demonstrating a clear and
important role for iNKT cells in the response to influenza A virus infection. In addition, in vitro
experiments demonstrated that TLR3 and TLR7 ligands were capable of activating MDSCs,
which can then activate iNKT cells to assert anti-suppressive actions back on MDSCs.
Human immunodeficiency virus -1 (HIV-1)
iNKT cells are one of the first T cell subsets to be depleted during the development of
acquired immunodeficiency syndrome (AIDS) (Li and Xu, 2008). This is thought to be related to
their expression of both CD4 and CCR5, which are key receptors for HIV-1 entry. It has also
been observed that HIV-1 replicates more efficiently in α-GalCer-stimulated CD4+ iNKT cells
than in peptide-stimulated conventional CD4+ T cells (Motsinger et al., 2002). Interestingly,
although CD4- iNKT cells are resistant to HIV-1 infection, their numbers are also depleted
alongside CD4+ iNKT cells in the blood, suggesting that they have migrated to the tissues, or
may be depleted by activation-induced cell death, rather than by lytic infection. Whether iNKT
cells actually play a key role in the response to HIV-1 infection has yet to be confirmed;
however, due to the ability of iNKT cells to modulate the immune response through the
production of numerous cytokines, their depletion may in part account for defective immune
responses to other microorganisms after the onset of AIDS.
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Vesicular stomatitis virus (VSV)
VSV is a prototypical rhabdovirus that is well characterized and has been shown to inhibit
the expression of CD1d by host cells in vitro, thus suppressing TCR-mediated activation of
iNKT cells (Renukaradhya et al., 2005). This was found to be linked to MAPK signalling in the
host. Precisely how iNKT cells might act to counter VSV infection is unclear; however, the
inhibition of CD1d expression during VSV infection could be a means by which VSV evades
detection by the immune system.
As the antiviral properties of iNKT cells become clearer, their potential as therapeutic or
prophylactic targets is beginning to take shape. Since many viruses possess evasive techniques
for limiting the activation of iNKT cells (Diana and Lehuen, 2009), it would be beneficial to
examine the effects upon viral clearance that countering these evasive tactics would have.
Indeed, clinical trials involving the direct administration of α-GalCer to hepatitis B and hepatitis
C patients have been met with only very mild success so far (Veldt et al., 2007; Woltman et al.,
2009), suggesting that further knowledge is required to harness the potential of iNKT cell-based
therapy. Since iNKT cells are major regulators of immune responses, investigating different
ways to shape their responses in the face of viral infection may prove to elucidate potent targets
for immunotherapy and vaccine development.
Role of iNKT cells in homeostasis
Not only do iNKT cells play a part in response to pathogens, they are also thought to have an
important role in homeostatic immunoregulation due to their ability to produce both TH1- and
TH2-type cytokines. The homeostatic role of iNKT cells is made apparent by the non-infectious
diseases that are associated with defects in the iNKT cell population. A prominent example is the
role of iNKT cells in the development of autoimmune type I diabetes (TID). Many patients with
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TID have a reduced iNKT cell population whose phenotype is highly TH1-biased in that the cells
produce IFN-γ and not IL-4 (Wilson et al., 1998). Likewise, non-obese diabetic (NOD) mice are
prone to developing autoimmune diabetes and possess a reduced population of iNKT cells
(Novak et al., 2009). Since iNKT cells are normally a significant source of IL-4 and IL-10, in
addition to IFN-γ, in mice, it has been speculated that this deficiency of iNKT cells could be
related to an overall TH1-biased phenotype and increased risk of TID. Indeed, when NOD mice
are injected with α-GalCer, the onset of TID can be delayed. The mechanisms behind this appear
to be mediated, at least in part, by specific stimulation of iNKT cells which can promote
increased production of IL-4 and IL-10, and decreased IFN-γ production in splenocytes (Sharif et
al., 2001).
The homeostatic importance of iNKT cells is also apparent in cases of cancer. It has been
speculated that iNKT cells may be involved in tumour surveillance in mice and evidence
suggests a similar function in humans. As an example, a study of 120 human cancer patients
demonstrated that iNKT cells were found in reduced numbers in patients with cancer when
compared to healthy controls. These controls were used to account for possible sex and age
differences in iNKT cell numbers (Molling et al., 2005). While the proportion of IFN-γ-secreting
iNKT cells relative to total iNKT cells was normal in cancer patients, total circulating iNKT cell
counts were reduced by approximately 50%. In addition, the iNKT cell population was not
restored to normal levels following radiation or chemotherapy. This suggests that some
individuals which have reduced iNKT cell populations, may have a reduced capacity to detect
and eliminate tumours. Thus, in conjunction with their role in regulating autoimmunity, the role
of iNKT cells in tumour surveillance points to their important homeostatic role.
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TLRs and iNKT cells
iNKT cells have been thought of as lymphocytes with innate features due to their invariant
TCR and their ability to rapidly release cytokines in response to stimulation. One innate
characteristic of iNKT cells that has not been studied in detail is their expression of PRRs and
their ability to respond to PAMPs. All known TLRs are membrane-bound receptors found on
either the plasma membrane or on endosomal membranes (Kawai and Akira, 2010). In general,
TLRs that are more specific to extracellular PAMPs are found on the external surface of the
plasma membrane. These include TLRs 1, 2, 4, 5, and 6, which tend to recognize structural
microbial components, like LPS, lipopeptides, and flagellin. On the other hand, TLRs which
recognize intracellular PAMPs tend to be located on the interior membranes of endosomes.
These include TLRs 3, 7/8, and 9, which mainly recognize foreign nucleic acids in the form of
dsRNA, uncapped single-stranded (ss)RNA, and unmethylated CpG oligodeoxynucleotides
(ODNs), respectively.
When engaged with their ligands, all known TLRs have been shown to initiate a signalling
cascade leading to the activation of transcription factors such as interferon regulatory factor
(IRF)3, IRF7, and NF-κB (Akira and Takeda, 2004). These transcription factors control the
expression of genes such as type I interferons, among other inflammatory cytokines and antiviral
proteins (Brikos and O’Neill, 2008). In fact, signals from different non-TLR PRRs, such as the
retinoic

acid

inducible

gene

(RIG)-I-like

receptors

(RLRs)

and

nucleotide-binding

oligomerization domain (NOD)-like receptors (NLRs), appear to converge into common
pathways, leading to the transcription of similar genes (Kawai and Akira, 2008; Shaw et al.,
2011).
Signalling through PRRs has been shown to play pivotal roles in the initiation and control of
adaptive responses; the converse is also true in that adaptive responses are critical for the
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regulation of PRR expression and signalling (Liew et al., 2005; Fujimoto and Naka, 2010; Shaw
et al., 2011). This is important as over-stimulation of PRRs by pathogens not only affects the
innate response, but subsequent activation of adaptive responses can lead to excessive
inflammation that can be hazardous to the survival of the host (Katze et al., 2008). On the other
hand, many viruses have adapted so as to avoid detection by PRRs, hindering the adaptive
response and viral clearance (Gelman et al., 2006; Bowie and Unterholzner, 2008).
TLR specificity
The extracellular domain of surface-expressed TLRs as well as the endosomal domain of
intracellular TLRs engage directly with PAMPs and share a common protein structure featuring
leucine-rich repeats (LRR). The LRR regions of the extracellular domain are what give each
TLR its specificity to different PAMPs. In addition, the location and compartmentalization of
various TLRs determines which PAMPs are available for detection by the TLR.
TLR2 recognizes various bacterial cell wall components and is expressed on the plasma
membrane. Dimerization is required to initiate signalling either with other TLR2 molecules, or
with TLR1 or TLR6, resulting in different ligand specificities (Akira et al., 2006). TLR4 is also
expressed on the plasma membrane and detects LPS; however, its ability to signal is dependent
on the expression of MD-2, which links LPS to TLR4 signaling (Poltorak et al., 1998; Shimazu
et al., 1999). TLR5 is another plasma membrane-bound receptor which recognizes bacterial
flagellin (Hayashi et al., 2001). TLR3, along with fellow endosomal membrane TLRs 7, 8, and 9,
is noted for its ability to sense nucleic acid. TLR3 classically responds to dsRNA, especially to
the synthetic dsRNA analogue, polyinosinic:cytidylic acid (poly I:C) (Alexopoulou et al., 2001).
TLR7/8 recognizes ssRNA (Hornung et al., 2008). TLR9 is also situated on endosomes and its
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activation by CpG DNA has been shown to exacerbate hepatitis leading to a negative disease
outcome (Vilaysane and Muruve, 2009; Ojiro et al., 2010).
TLR expression and function on immune system cells
The majority of immune system cells have been shown to express functional TLRs, including
cells associated with both innate responses, such as NK cells and monocytes, and adaptive
immune responses, such as T cells and B cells (Hornung et al., 2002). TLRs are also highly
expressed on APCs and enhance adaptive immune responses by enhancing APC function, such
as antigen presentation, co-stimulatory cytokine and surface protein expression. This has been
supported by numerous studies which demonstrate an important role for TLR expression by
APCs in TLR-mediated activation of NKT cells (Montoya et al., 2006; Hermans et al., 2007;
Salio et al., 2007; Tyznik et al., 2008). However, there is existing evidence of the significance of
direct stimulation of TLRs on T cells (Komai-Koma et al., 2004; Liu et al., 2006; LaRosa et al.,
2007), and a growing body of evidence describing the role of direct TLR ligation on iNKT cells
(Gardner et al., 2010; Kim et al., 2012; Kulkarni et al., 2012).
TLR expression and function in T cells
Previous findings have shown that TLR2 expression can be induced in conventional T cells
in response to IFN-α in an APC-independent manner (Komai-Koma et al., 2004). There is
evidence which also suggests that direct stimulation of T cells through TLRs can lead to more
potent CTL responses (Salem et al., 2009; Salem, 2011). In addition, it has been shown that
mouse TH1 cells can be directly stimulated through TLR2 in a TCR-independent manner, leading
to TH1 effector functions, such as IFN-γ secretion and cell proliferation and survival (Imanishi et
al., 2007). Therefore, there is mounting evidence which shows that T cell function can be
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significantly modulated by signals from the innate response as a part of their primary role in
adaptive cell-mediated immunity.
TLR expression and function in NK cells
It has been previously demonstrated that NK cells also express TLRs and respond to TLR3,
7, and 9 ligands (Hornung et al., 2002; Hart et al., 2005; Eljaafari et al., 2011). The current
evidence of modulation of function by direct TLR stimulation in T cells and NK cells, which
both share a common lymphoid progenitor cell with iNKT cells (Spits et al., 1995), strongly
suggests that iNKT cells also possess TLRs which can be targeted to modify their behaviour.
TLR expression and function in iNKT cells
There are two main ways in which iNKT cells play a role in the response to TLR ligands. In
an indirect pathway, the behaviour of iNKT cells is thought to be modulated by TLR-stimulated
APCs. In this model, APCs alter their expression of cytokines, surface molecules, and their
ability to present glycolipid antigens in response to TLR stimulation. TLR ligand-treated APCs
can then differentially activate iNKT cells, often indicated by their ability to produce cytokines
such as IFN-γ and IL-4. This indirect model of TLR-mediated iNKT cell activation has been
demonstrated by numerous studies described below. The second mode of TLR-mediated
activation of iNKT cells occurs through the direct stimulation of TLRs expressed by iNKT cells.
The consequences of direct activation of iNKT cells through their own TLRs are less wellstudied; however given mounting evidence showing their expression of TLRs, it is becoming
apparent that TLRs could play an emerging role in modulating iNKT cell behaviour.
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Indirect TLR-mediated activation of iNKT cells by TLR-stimulated APCs
One way in which APCs activate iNKT cells is through CD1d-mounted glycolipid antigens
(Figure 1a). CD1d expression has been shown to be inducible by viral infection in humans,
however it is not certain whether this was through recognition of viral PAMPs by TLRs, or a
different mechanism (De Lalla et al., 2004). This may lead to enhanced antigen presentation and
stronger TCR signalling in addition to the induction of various proinflammatory or, in the case of
viral hepatitis and cirrhosis, profibrotic cytokines. While CD1d expression by APCs may be
somewhat enhanced by direct TLR activation, it appears to be primarily modulated by the
presence of IFN-γ, and TNF-α (Skold et al., 2005). It is indeed possible that the observed
increase in CD1d expression due to TLR activation may be due to the induction of cytokines,
leading to autocrine activation of neighbouring cells. For example TLR4 signalling in
macrophages triggers their release of TNF-α, which may point to an intermediate role for TNF-α
in TLR-mediated CD1d expression (Mosser, 2003). Thus, while TLR activation of iNKT cells
may occur through an upregulation of CD1d by APCs, this appears to be primarily mediated by
APC-derived cytokines (Figure 1c).
Indeed, evidence suggests that TLRs play a significant role in the activation of APCs and
their release of iNKT cell-activating cytokines (Tupin et al., 2007). For example, the TLR4
agonist, lipopolysaccharide (LPS), is capable of inducing the secretion of IL-12 from DCs. This
DC-derived IL-12 can then activate nearby iNKT cells (Moody, 2006). Several groups have gone
to great lengths to demonstrate the effects of TLR agonists on DCs, influencing their ability to
activate iNKT cells (Tyznik et al., 2008; Moreno et al., 2009; Caielli et al., 2010). Tyznik and
colleagues described a mechanism for TLR9-mediated enhancement of iNKT cell and DC
interactions through stimulation with CpG ODNs. Moreover, a more recent study has suggested
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that CD1d-rescricted iNKT cells are incapable of responding directly to CpG ODNs and require
the presence of TLR9+ APCs to facilitate CpG-mediated activation (Paget et al., 2009).
This lack of responsiveness to direct activation via TLR9 is supported by the finding that
human primary iNKT cells express comparatively low levels of TLR9 mRNA compared to
pDCs. Furthermore, it has been demonstrated that TLR9-stimulated pDCs play an important role
in TLR9-mediated stimulation of iNKT cells via production of IFN-α and surface expression of
OX40 (Marschner et al., 2005).
Direct activation of iNKT cell TLRs
Human iNKT cells have been demonstrated to express transcripts of nearly all known TLRs,
except TLR8; however, these cells do not respond directly to TLR ligands, with or without the
addition of TCR stimulation or co-stimulation through CD28 (Moreno et al., 2009). Earlier
studies involving TLR expression on conventional CD4+ T cells have shown similar
discrepancies between mRNA levels and functional protein, particularly with respect to TLR4
(Komai-Koma et al., 2004). In addition, the expression of TLR2 by conventional T cells has
been suggested to be dependent on IFN-α. Thus, it is possible that TLR expression and activation
by iNKT cells could likewise require an additional external stimulus, such as IFN-α (Figure 1d).
At least two research groups have identified significant functional roles for TLR2 in
NK1.1+TCR+, and TLR9 in NK1.1+CD3ε+ hepatic T cells (Shimizu et al., 2002; Tsujimoto et al.,
2006); however, some conventional CD8+ T cells also seem to be capable of transient expression
of NK1.1 and it was not confirmed that these TLR-expressing cells were indeed CD1dresctricted iNKT cells (Assarsson et al., 2000). The findings should be followed up to confirm
whether functional TLR2 or TLR9 can be expressed by murine hepatic Vα14-Jα18+ iNKT cells.
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More recently, TLR3 has been demonstrated to be expressed on the cell surface by murine
hepatic Vα14-Jα18+ iNKT cells after poly (I:C) treatment (Gardner et al., 2010). When
stimulated with poly (I:C), these TLR3+ iNKT cells were shown to play a regulatory role in the
suppression of intrahepatic γδT cells. It is also worth noting that TLR3-deficient mice had
significantly fewer IFN-γ-producing iNKT cells after stimulation with poly (I:C), demonstrating
that iNKT cells may play a key role in the overall production of IFN-γ in response to poly (I:C).
Direct activation of iNKT cells through expressed TLR4 protein has also been characterized
and has been shown to increase IFN-γ production and suppress IL-4 production (Kim et al.,
2012). This was demonstrated to have effects upon the ability of iNKT cells to suppress
pulmonary fibrosis while worsening hypersensitivity pneumonitis. In addition, using an adoptive
transfer model, TLR4-treated iNKT cells increased the severity of antibody-induced arthritis in
CD1d-deficient mice, demonstrating a role for the direct TLR stimulation of iNKT cells, albeit in
the absence of glycolipid antigen presentation.
Besides the expression of iNKT cell TLR3 and TLR4 observed in recent studies (Gardner et
al., 2010; Kim et al., 2012), relatively little work has been done to determine the expression of
various TLR proteins on iNKT cells and whether different stimuli could play a role in the
induction of TLR expression and subsequent direct activation through these TLRs. However,
recently published work involving iNKT cell hybridomas suggests that iNKT cells do express
functional TLRs and co-stimulation through these TLRs can lead to differential outcomes with
respect to cytokine production (Kulkarni et al., 2012). It was observed that TLR transcription
could be induced through TCR stimulus either through anti-CD3 mAb or α-GalCer. In agreement
with previously observed TLR3 expression by primary iNKT cells, TLR3 protein was shown to
be increased in response to anti-CD3 mAb treatment and TLR functionality was demonstrated

22

through the direct stimulation of TCR-triggered iNKT cells with TLR ligands which resulted in
differential cytokine production (Gardner et al., 2010). Furthermore, supernatant from TLRstimulated iNKT cells were capable of stimulating DC2.4 dendritic cells, resulting in their
upregulation of the co-stimulatory molecules CD80 and CD86 (Kulkarni et al., 2012). While it is
established that iNKT cells can be activated by TLR-stimulated APCs, there is mounting
evidence that iNKT cells can be directly activated by TLRs; therefore, it is likely that a
combination of direct and indirect TLR-mediated activation of iNKT cells contributes to the
optimal host response to TLR ligands (Figure 1b).
Use of iNKT cell hybridomas
Similar to primary iNKT cells, iNKT cell hybridomas also express numerous TLRs, although
they have been employed mainly to help characterize the Vα14-Jα18 invariant TCR. One of the
earliest iNKT hybridomas used is the DN32.D3 hybridoma, first characterized by Bendelac and
colleagues (Lantz and Bendelac, 1994; Brutkiewicz et al., 1995). DN32.D3 cells have also been
used as a model for iNKT cell function. Since they respond readily to anti-CD3 treatment by
releasing cytokines such as IL-2, IL-4, and IFN-γ, they can be utilized for examining potential
ways to modulate the iNKT cell response, such as by direct co-stimulation with TLR ligands
(Kulkarni et al., 2012). Another advantageous characteristic of DN32.D3 cells is their
constitutive expression of CD1d, allowing them to be stimulated in monoculture with glycolipids
without co-culture with APCs. Since they express a functional TCR, DN32.D3 cells can also be
stimulated with anti-CD3 mAbs in the absence of α-GalCer.
The N38-2C12 and N38-3C3 iNKT hybridomas have also been used to study the importance
of the presentation of glycolipids to iNKT cells in the context of CD1d (Burdin et al., 1998).
Both of these hybridomas express very low levels of CD1d, so they require additional
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presentation of glycolipids by CD1d+ APCs. N38-2C12 hybridoma cells are more autoreactive
to CD1d than N38-3C3; nonetheless, these hybridomas, along with other Vα14+ hybridomas,
were shown to react specifically to α-GalCer in a manner consistent with fresh splenocytes
(Burdin et al., 1998). Since these hybridomas are not capable of self-presentation and are reliant
upon another CD1d+ cell, challenges may arise when a monoculture of these hybridomas is
required. This can be addressed through the use of immobilized CD1d on plastic culture plates
(Naidenko et al., 1999). Plate-bound CD1d can be loaded with α-GalCer or other glycolipids
without prior processing (Burdin et al., 1998). Like DN32.D3 iNKT cell hybridomas, these cells
can also be stimulated with anti-CD3 mAbs in an α-GalCer- and CD1d-independent manner.
DN32.D3 iNKT cell hybridomas have been shown to express transcripts for TLRs 3, 5, 7,
and 9. Furthermore, DN32.D3 cells been shown to express functional surface TLR3 protein, in
agreement with previous observations of primary iNKT cells (Gardner et al., 2010; Kulkarni et
al., 2012). In addition, it was observed that both DN32.D3 cells and N38-2C12 cells express
TLR3 transcripts and exhibit the ability to respond to direct stimulation with the TLR3 ligand,
poly (I:C) (Kulkarni et al., 2012). Thus, the use of these iNKT cell hybridomas to screen for
possible co-stimulatory TLR ligands holds promise. Due to their cost-effectiveness, convenience,
and homogeneous culture, their use is an attractive option for the in vitro study of iNKT cell
responses.

Research Question
The role of direct TLR stimulation of iNKT cells is not completely clear. On the other hand,
cells of lymphoid developmental origin, such as NK cells and naïve T cells, are capable of
increasing their expression of functional TLRs upon activation which can be then directly
stimulated. CD4+ memory T cells on the other hand, constitutively express TLRs (Komai-Koma
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et al., 2004; Caron et al., 2005; Xu et al., 2005). When engaged with their corresponding ligands,
these TLRs have been shown to directly modulate the function of T cells and NK cells. Very
little is currently known about the expression and functionality of TLRs in iNKT cells, especially
after they have been activated through their TCR, or cytokine receptors. Moreno and colleagues
have demonstrated the presence of TLRs on human iNKT cells (Moreno et al., 2009); however,
direct functionality of these TLRs was not observed after stimulation with anti-CD3 mAb alone.
However, functional TLRs in conventional T cells have been shown to be upregulated upon
stimulation with anti-CD3 mAbs combined with IFN-α (Komai-Koma et al., 2004).
There is a lack of understanding of whether innate signalling in iNKT cells improves or
hinders their ability to contribute to host antiviral responses. Additionally, gaining an
understanding of iNKT cell TLRs may provide useful insights for improved vaccine
development. Although resting iNKT cells express very low levels of TLR transcripts, and thus
may not respond significantly to TLR ligands, treating iNKT cells through external stimuli could
result in the expression of TLRs on iNKT cells which could then be targeted in order to modulate
iNKT cell function.

Overall Hypothesis
iNKT cells can be induced to express various TLRs and the subsequent stimulation of these
TLRs can modulate the effects of iNKT cells on neighbouring immune system cells, including
macrophage activity and antiviral activity in fibroblast cells.
The first objective of the present study was to determine whether TLR expression and
function can be induced in iNKT cells through type I IFN co-stimulation. In addition, we have
previously observed negative regulation of iNKT cell activity as a result of co-stimulation with
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CpG ODNs (RR Kulkarni, 2012, unpublished data). Thus, the second objective was to determine
the mechanisms behind CpG ODN-mediated suppression of iNKT cells.
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Tables and Figures
Table 1. Cytokines produced by iNKT cells. Adapted from (Cerundolo et al., 2009).
TH1
TH2
Inflammatory
Other
IFN-γ
IL-4
IL-6
IL-2
IL-21
IL-5
TNF-α
IL-3
IL-10
IL-9
IL-13
IL-17
GM-CSF
TGF-β
Table 2. Advantages and disadvantages of the use of iNKT hybridoma cell lines and
primary iNKT cells.
Advantages
Disadvantages
iNKT cell
Homogenous population free from
TLR expression profile may not
hybridomas
APCs and other lymphocytes; 100%
reflect primary iNKT cells since
Vα14-Jα18+ cells
fusion partner (BW5147 thymoma)
may contribute to TLR expression;
TLR repertoire of fusion partner has
not been reported
Primary iNKT
cells

Accurate representation of true iNKT
cells

Difficult to achieve 99% purity;
important since contamination with
APCs can greatly skew results
Use of CD1d tetramer or anti-TCR
mAbs required for cell sorting which
can inadvertently activate the TCR
Alternate markers for iNKT cells are
less stringent and allow for the
inclusion of conventional T cells or
non-invariant NKT cells
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Figure 1. Activation of iNKT cells by TLR ligands.
iNKT cells can be activated either indirectly (a-c) or directly (d) by TLR ligands. APCs be
directly activated through their TLRs, resulting in increased glycolipid antigen presentation (a,b)
and the production of stimulatory cytokines such as IL-12, IL-18, and type I IFNs (b-c) which
can activate iNKT cells. Activated iNKT cells can upregulate their expression of functional
TLRs, allowing them to be stimulated directly with TLR ligands (d).
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Chapter II: Expression and function of TLRs expressed by iNKT cells is
modulated by IFN-α and indirectly enhances innate responses
Authors: A. Ian Villanueva, S.M. Mansour Haeryfar, Bonnie A. Mallard, Raveendra R. Kulkarni,
Shayan Sharif
Abstract
Invariant natural killer T (iNKT) cells perform numerous functions in the regulation of
immune responses. In mice, they express a unique and invariant Vα14-Jα18 T cell receptor
(TCR) which recognizes glycolipid antigens presented in the context of CD1d. Ligation of this
TCR results in the rapid release of both TH1- and TH2-type cytokines, making them important
early mediators of the immune response. Due to the rapid nature of their activation and the
genetic rigidity of their TCR, iNKT cells are thought to have many characteristics associated
with the innate response. Given the innate properties of iNKT cells, it was investigated whether
iNKT cells could be induced to express Toll-like receptors (TLRs), a major class of pathogen
recognition receptors. DN32.D3 murine iNKT cell hybridomas were stimulated with anti-CD3
monoclonal antibody and interferon (IFN)-α, resulting in a significant increase in TLRs 3, 5, 7,
and 9 transcript levels, in addition to increased surface expression of TLR3. These cells were
subsequently stimulated with TLR ligands, which resulted in a significant increase in IFN-γ,
interleukin (IL)-4, and tumour necrosis factor (TNF)-α production. Supernatants collected from
these cells were also found to have stimulatory effects upon RAW264.7 macrophages and
induced innate antiviral activity in L-929 fibroblasts. The present study demonstrates the
significance of TLR expression by iNKT cells in the presence of TCR triggering and IFN-α, as
well as the potential for TLR ligands to be used to directly modulate iNKT cell cytokine
production.
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Introduction
Invariant natural killer T (iNKT) cells were first characterized as a unique class of doublenegative (DN) or CD4+ T lymphocytes which express the invariant Vα14-Jα18 T cell receptor
(TCR) in mice (Vα24-Jα18 in humans) (Dellabona et al., 1994; Lantz and Bendelac, 1994).
iNKT cells recognize glycolipid antigens presented in the context of the major histocompatibility
complex (MHC) class I-like molecule, CD1d, and are capable of rapidly producing significant
quantities of both T helper 1 (TH1) and TH2 cytokines, including interferon (IFN)-γ and
interleukin (IL)-4 (Kawano et al., 1997). The kinetics of iNKT cell responses differ from those of
conventional T cells in that they undergo some clonal expansion and acquisition of memory
phenotype prior to leaving the thymus (Bendelac et al., 2007). As their name suggests, they are
also capable of expressing shared phenotypic markers with natural killer (NK) cells, such as
NK1.1 (Lantz and Bendelac, 1994).
iNKT cells can produce a wide array of cytokines in varying quantities depending on the
strength or type of TCR stimulus and co-stimuli they are subjected to (Cerundolo et al., 2009).
Thus, iNKT cells serve an important role in the initiation of adaptive immune responses by being
a significant source of both TH1- (e.g. IFN-γ, IL-21) and TH2- (e.g. IL-4, IL-5, IL-13) type
cytokines within hours of immunological challenge. This is important to note since
hyperstimulation of iNKT cells has been linked to hepatic injury (Biburger and Tiegs, 2005;
Kawamura et al., 2009; Cao et al., 2010). In the case of hyperstimulation, cytokine production by
iNKT cells could possibly lead to excessive downstream activation of other cells, such as
macrophages and dendritic cells (DCs), triggering a cytokine storm. Hyperstimulated iNKT cells
can also enter an anergic-like state where they lose their ability to respond to TCR stimulation
(Iyoda et al., 2010).
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In addition to the invariant TCR, iNKT cells are also capable of expressing pathogen
recognition receptors (PRRs), such as the Toll-like receptors (TLRs), which recognize pathogenassociated molecular patterns (PAMPs) (Moreno et al., 2009; Gardner et al., 2010; Kim et al.,
2012; Kulkarni et al., 2012). A functional role for direct stimulation of iNKT cell TLR3 have
been suggested in the mouse liver (Gardner et al., 2010), and the stimulation of iNKT cell TLR4
in the mouse lung (Kim et al., 2012). However, relatively little work has been done to elucidate
how TLR expression and functionality on iNKT cells might be mediated by other signals, such
as co-stimulatory cytokines.
In contrast, substantial work has been done to clarify how TLRs can activate antigenpresenting cells (APCs) to indirectly stimulate iNKT cells through the production of costimulatory cytokines such as IL-12 and IFN-α (Moody, 2006; Hermans et al., 2007; Tyznik et
al., 2008; Paget et al., 2009). Co-stimulatory cytokine production by TLR-stimulated antigenpresenting cells APCs, such as IL-12 and IL-18, leading to increased T cell activation has been
well documented (Leite-de-Moraes et al., 1999; Akira et al., 2001; Uchida et al., 2007; Tanaka et
al., 2011). However, recent studies of conventional CD4+ and CD8+ T cells, CD4+CD25+
regulatory T cells (Treg) cells, and γδ T cells have demonstrated a potential role for APCindependent activation through direct TLR stimulation (Komai-Koma et al., 2004; Liu et al.,
2006; Wesch et al., 2006, 2011; LaRosa et al., 2007, 2008; Salem et al., 2009; Oberg et al., 2010,
2011).
Biologically, type-I IFNs, especially IFN-α and IFN-β, are indispensable in eliciting antimicrobial defense against many intracellular pathogens, including viruses and bacteria. This is
supported by the fact that mice lacking type-I IFN signalling have deficient T cell responses to,
lymphocytic choriomeningitis virus, vesiculostomatitis virus (VSV), Vaccinia virus and Listeria
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monocytogenes vaccination (Thompson et al., 2013). Therefore, we sought to investigate the role
of type I IFNs in iNKT activation and the resulting functionality of TLR expression in this rare
but important T cell subset. In the case of conventional naïve T cells, TLR2 expression can be
greatly enhanced by co-stimulation with IFN-α, and is also constitutively expressed by memory
CD4+ T cells (Komai-Koma et al., 2004). In fact, type I IFNs have also been shown to have
numerous direct effects on the functionality and survival of conventional CD4+ T cells,
particularly relating to the type 1 immune response (Tough, 2012). Type I IFNs may also act on
iNKT cells, increasing their activation by TLR-stimulated dendritic cells (Paget et al., 2007). In
addition, CD4+ T cell activation and survival can also be enhanced through direct TLR activation
(Gelman et al., 2004; Imanishi et al., 2007). Co-stimulation of CD4+ T cells with anti-CD28
antibody (Ab) and CpG oligodeoxynucleotides (ODNs) can enhance their ability to promote
antigen-specific antibody responses (Gelman et al., 2006). Also worthy of note, TLR signalling
in CD4+ T cells has been found to play a critical role in the immune response to some
intracellular pathogens, such as Toxoplasma gondii (LaRosa et al., 2008). With the above
evidence in mind, and given the rapid nature of the iNKT cell response, it is conceivable that
iNKT cells may also respond to direct TLR stimulation, modulating their cytokine output.
Indeed, our previous findings have indicated that direct co-stimulation of the DN32.D3 iNKT
cell hybridoma with TLR ligands impacts their cytokine output, including their ability to activate
neighbouring cells, such as DCs (Kulkarni et al., 2012).
The expression and function of TLRs in iNKT cells is poorly understood, particularly after
stimulation with IFN-α, which has been shown to have numerous effects on T cell activity,
including TLR expression and IFN-γ production (Komai-Koma et al., 2004; Xu et al., 2005;
Tough, 2012). The objective of this study was to investigate the role of TLR expression and
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function in iNKT cells stimulated with IFN-α. The TLRs which were investigated were TLR3, 7,
and 9 due to their role in detecting viral-derived nucleic acid PAMPs (Kawai and Akira, 2006).
Using Vα14-Jα18 iNKT cell hybridomas in an in vitro model, we hypothesized that previously
reported TLR expression and cytokine responses can be significantly enhanced by exogenous
IFN-α. To that end, we observed that, following treatment with IFN-α, DN32.D3 cells exhibited
a prolonged ability to produce cytokines in a TH1-biased manner as measured by the ratio of
IFN-γ to IL-4 in the cell culture supernatant. IFN-α-treated DN32.D3 cells also demonstrated
enhanced sensitivity to direct treatment with TLR ligands. We also demonstrated the potential
for IFN-α- and TLR-activated iNKT cells as indirect mediators of innate responses of other cell
types. Therefore, iNKT cells may have the capacity to respond directly to certain TLR ligands in
an IFN-α-dependent manner.
Materials and Methods
Cell lines
Murine Vα14-Jα18+ iNKT cell hybridomas, DN32.D3, N38.2C12, and N38.3C3 (Lantz and
Bendelac, 1994; Burdin et al., 1998), were generously donated by Dr. Mansour Haeryfar
(Western University, London, ON, Canada) and were maintained in RPMI 1640 medium (Gibco,
Carlsbad, CA, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS-HI)
(Gibco), 1% penicillin/streptomycin, 1% Minimum Essential Medium (MEM) non-essential
amino acids (Gibco), 0.1% 0.1 M sodium pyruvate (Gibco), and 0.00035% 2-mercaptoethanol
(Fluka, St. Louis, MO, USA).
The mouse monocyte/macrophage cell line RAW264.7 was generously donated by Dr.
Mansel Griffiths (University of Guelph, Guelph, ON, Canada) and was maintained in RPMI
1640 with 10% fetal bovine serum and 1% penicillin/streptomycin. L-929 cells were kindly
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provided by Dr. Douglas Hodgins (University of Guelph, Guelph, ON, Canada) and are a murine
fibroblast cell line and were maintained in RPMI 1640 with 10% FBS and 1%
penicillin/streptomycin (Pen/Strep). Vero cells are an African green monkey kidney cell line
acquired from Dr. Byram Bridle and were maintained in EMEM balanced with Earle’s salts
(Hyclone, Rockford, IL, USA) supplemented with 10% FBS and 1% Pen/Strep. 293T cells are a
human embryonic kidney cell line and were maintained in DMEM (Gibco, Carlsbad, CA, USA)
supplemented with 10% FBS and 1% Pen/Strep. Both Vero and 293T cells were kindly provided
by Dr. Byram Bridle (University of Guelph, Guelph, ON, Canada).
Virus
Vesicular stomatitis virus expressing enhanced GFP (VSV-GFP) was kindly provided by Dr.
Ali Ashkar (McMaster University, Hamilton, ON, Canada). VSV-GFP was propagated using
293T cells. Titration of VSV-GFP was performed by plaque assay using Vero cells.
Stimulation of iNKT cell hybridomas
For stimulation of the TCR signaling pathway of DN32.D3 cells, anti-CD3 mAb (Clone
eBio500A2, eBioscience, San Diego, CA, USA) was used at 10, 100, or 1,000 ng/mL to coat the
wells of 48-well cell culture plates at 4°C overnight. Wells were then washed twice with PBS
immediately before iNKT cell hybridomas were seeded at a density of 5×105 cells/well. For
stimulation of iNKT cell hybridomas with α-galactosylceramide (α-GalCer) (Cedarlane Labs,
Brockville, ON, Canada), cell culture growth medium was supplemented with 500 ng/mL of αGalCer. α-GalCer and TLR ligands were suspended in the cell culture medium at indicated
concentrations. Cell cultures were then incubated at 37°C in 5% CO2 for the desired treatment
period.
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DN32.D3 cells were stimulated with TLR ligands 24 hours following stimulation with antiCD3 mAb and recombinant IFN-α2 (rIFN-α2), a variant of IFN-α which activates the IFN-α
receptor, IFNAR (eBioscience, San Diego, CA, USA). Cells were treated with TLR ligands at
the following concentrations: TLR3 ligand polyinosinic-cytidylic acid (poly (I:C)): 25 μg/mL
(Sigma, St. Louis, MO, USA); TLR7/8 ligand R848: 1 μg/mL; TLR9 ligand ODN2395 (CpG):
10 μg/mL; TLR9 ligand control ODN2395C (CpGCx): 10 μg/mL (Invivogen, San Diego, CA,
USA).
To assess cytokine production by DN32.D3 cells, they were stimulated with anti-CD3 mAb
and rIFN-α2 simultaneously for 24 hours. Cells were then transferred to new plates that were not
coated with anti-CD3 mAb and then cultured in the presence of TLR ligands for 18 hours.
Supernatants were then collected for cytokine quantification by ELISA.
In experiments where DN32.D3 cell supernatants were used to stimulate other cell lines,
DN32.D3 cells were stimulated with anti-CD3 mAb and rIFN-α2 simultaneously for 24 hours.
Cells were then transferred to fresh culture plates that were not coated with anti-CD3 mAb and
then cultured in the presence of TLR ligands for 4 hours. TLR ligands were then removed by
washing the cells twice with PBS. Cells were then cultured for another 24 hours before
supernatants were collected for treating either RAW264.7 cells or L-929 cells.
RNA extraction, cDNA synthesis and real-time PCR
Cell culture or homogenized tissue samples were lysed in about 1 mL of TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). Two hundred μL of chloroform (Sigma-Aldrich, St. Louis,
MO, USA) was added and the sample was then inverted to emulsify the TRIzol and choloroform.
The sample was then incubated at room temperature before centrifugation. The top phase of the
sample was then collected into a fresh tube, since it contained the RNA. Two hundred μL of
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chloroform was again added, followed by inversion and centrifugation. The top layer was again
collected and 500 μL of 100% isopropanol (Sigma-Aldrich) was added to precipitate the RNA
overnight at -20°C.
The following day, the sample was centrifuged to pellet the precipitated RNA. Isopropanol
was removed and the RNA pellet was washed twice with 75% ethanol (Commercial Alcohols,
Brampton, ON, Canada) before it was re-suspended in DEPC H2O (Invitrogen). The RNA
sample was then treated with the DNA-free DNAse kit, using the protocol from Ambion
(Carlsbad, CA, USA). DNAse was then inactivated and removed and RNA was ready for
quantification by NanoDrop ND2000 (Thermo, Rockford, IL, USA) and reverse transcription to
cDNA, or storage at -80°C.
cDNA synthesis was carried out according to the SuperScript II protocol (Invitrogen,
Carlsbad, CA, USA). Approximately 1 μg of RNA of each sample was used as a template for
cDNA synthesis. Briefly, RNA was mixed with dNTPs, oligo-dT primers and heated to 65 °C for
5 minutes to anneal the primers. Then DTT, SuperScript II reverse transcriptase, and RnaseOut
were added and samples were incubated for a 50 minute elongation step at 42 °C before being
heated to 70 °C for 15 minutes to inactivate the reaction. The resulting cDNA was then cooled
and stored at -20 °C. cDNA was diluted 1:10 in DEPC-treated water prior to real-time PCR.
Real-time PCR was performed according to the protocol for the LightCycler 480 (Roche,
Laval, QC, Canada). In brief, gene-specific primers (Table 3) were added to manufacturerprepared 2x SYBR green master mix, which was then loaded into either 96- or 384-well PCR
plates. cDNA samples were then added to each loaded well, and the reaction was run on the
LightCycler 480 instrument. The reaction began with 10 minutes of denaturing, followed by at
least 45 cycles of amplification (denaturing at 95°C for 10 sec, annealing at 60°C for 5 sec,
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elongation at 72°C for 10 sec), followed by a gradual melting of the PCR product from 60°C to
97° for melting curve analysis. Fluorescent intensity of each reaction was acquired at the end of
each elongation step during amplification and continuously throughout the melting curve phase.
When the relationship between the amplification cycle number and fluorescent intensity reached
the logarithmic phase, the cycle number at that point was referred to as the crossing points (Cp).
Lower Cp values indicate higher quantities of starting cDNA template, and vice versa.
To calculate the relative expression of target genes, Pfaffl’s formula was employed (Pfaffl,
2001). First, the efficiency of the PCR amplification was calculated using the formula, efficiency
(E) = 10-1/slope. E values were obtained from standard curves generated from serial dilutions of
cDNA samples which were positive for the target gene. Relative gene expression of each sample
was calculated using Pfaffl’s formula: relative gene expression = (ET)ΔCp
sample]

/(ER)ΔCp

reference[sample-calibrator]

target[calibrator-

, where ET is the efficiency of the target gene, and ER is the

efficiency of the reference gene, also called the housekeeping gene. The housekeeping gene used
throughout the study was β-actin.
Stimulation of RAW264.7 cells
RAW264.7 cells were stimulated with supernatants derived from DN32.D3 cells stimulated
with anti-CD3 mAb and rIFN-α2, and then pulsed with TLR ligands for 4 hours, washed, and
cultured for another 24 hours. RAW264.7 cells were incubated with a 1:1 ratio of growth
medium and DN32.D3 cell supernatants for 18 hours. Supernatants were then collected for
analysis by enzyme-linked immunosorbent assay (ELISA)/enzyme immunoassay (EIA) or cells
were collected for analysis by flow cytometry.
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ELISA
All ELISA kits were purchased from eBioscience (San Diego, CA, USA). A 96-well ELISA
plate was coated with capture antibody overnight at 4°C. The following day, the plate was
washed then wells were blocked with assay diluent/blocking buffer. The plate was left to
incubate at room temperature for 1 hour before washing again and the addition of sample
supernatants and the protein standards. The plate was incubated at room temperature for 2 hours,
followed by washing and the addition of detection antibody. The plate was incubated with
detection antibody for 1 hour, before washing and addition of avidin-HRP enzyme. After
incubating for 30 minutes, the plate was washed thoroughly and TMB substrate solution was
added for 15 minutes. Sulphuric acid stop solution was then added to all the wells and the plate
was read spectrophotometrically at 450 nm with an absorbance plate reader (Powerwave XS,
BioTek Instruments, Inc., Winooski, VT).
Prostaglandin E2 (PGE2) EIA
The anti-inflammatory hormone PGE2 produced by RAW264.7 macrophage cells was
measured using the EIA kit obtained from Cayman Chemical (Ann Arbor, MI). As per the
protocol provided by the manufacturer, 50 μL of cell supernatant or PGE2 standards were loaded
into goat anti-mouse IgG-coated strip wells held together by a 96 strip well plate frame. Fifty
microlitres of PGE2-acetylcholinesterase (AChE) conjugated tracer was then added to each of the
wells containing samples or standards, followed by 50 μL of PGE2 mAb. Strip wells were
incubated overnight at 4°C. During this time, the PGE2-AChE tracer competed with PGE2
present in the samples to bind to the anti-PGE2 mAb. The anti-PGE2 mAbs were bound by the
goat-anti-mouse IgG-coated strip wells. Following the overnight incubation, wells were emptied
and rinsed with wash buffer provided by the manufacturer. Two hundred microlitres of Ellman’s
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reagent was then added to each well which reacts with AChE present in the PGE 2 AChE tracer;
thus, higher absorbance was inversely correlated to the amount of PGE2 present in the sample.
The plate was then allowed to develop in the dark for 60-90 minutes at room temperature. The
absorbance of each sample was measured at 412 nm using the Powerwave XS plate reader.
Flow cytometry
To analyze surface expression of TLR3 by DN32.D3 cells, cells were stimulated with αGalCer or anti-CD3 mAb and rIFN-α2 for 24 hours. Cells were washed with PBS and then resuspended in FACS buffer (PBS with 0.1% sodium azide and 1% bovine serum albumin). Cells
were first treated with anti-CD16/32 (eBioscience) to block possible nonspecific binding to Fc
receptors. After two washes, cells were then stained with unconjugated rat anti-mouse TLR3
IgG2a antibody (R&D Systems, clone 313129) or rat IgG2a isotype control antibody
(eBioscience) at room temperature for 1 hour. This was followed by two additional washes in
FACS buffer, then the addition of PE conjugated mouse anti-rat IgG2a (eBioscience, clone R2a21B2) for 1 hour at room temperature. Cells were fixed with 2% paraformaldehyde (Fisher,
Rockford, IL, USA) after two final washes in FACS buffer. Data were acquired using a
FACScan flow cytometer (BD Biosciences; Mississauga, ON). Data were analyzed using FlowJo
version 7.6.5 flow cytometry analysis software (Tree Star, Inc.).
For detection of CD80 on RAW264.7 cells, cells were collected and washed in PBS and resuspended in FACS buffer. Cells were then treated with anti-CD16/32 and washed and resuspended in FACS buffer. Cells were stained with FITC-conjugated Armenian hamster antimouse CD80 (eBioscience, clone 16-10A1). Cells were washed and re-suspended in FACS
buffer and fixed with 2% paraformaldehyde. Data were collected with the FACScan flow
cytometer. Data analysis was performed using FlowJo flow cytometry analysis software.
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Phagocytosis assay
Phagocytic activity of RAW264.7 cells was measured using a Phagocytosis Assay Kit
(Cayman Chemical; Ann Arbor, MI). As per the manufacturer’s protocol, latex beads labelled
with rabbit IgG-FITC were added to the cell culture at the time of stimulation. After 24 hours,
cells were collected, washed with PBS and quenched with the provided Trypan Blue solution.
Fluorescence was measured using a fluorescent plate reader (GloMax®-multi microplate
multimode reader; Promega, Madison, WI) with an excitation of 490 nm and fluorescence
detected at 535 nm. To control for background fluorescence, the fluorescence values from beadnegative cell cultures were averaged and subtracted from the values obtained from experimental
samples.
VSV-GFP antiviral bio-assay
L-929 cells were seeded in 12-well plates and grown to confluence. They were then treated
with DN32.D3 cell supernatants or rIFN-α2 for 6 hours. L-929 cells were then infected with
VSV-GFP at a multiplicity of infection (MOI) = 1 and incubated for 12 hours before they were
washed and re-suspended in FACS buffer prior to analysis by flow cytometry. Data were
analyzed with FlowJo software. Negative control cells, which did not receive any virus, were not
fluorescent, while cell populations which were supportive of VSV-GFP replication fluoresced in
the green spectrum. Cells that were pre-treated with rIFN-α2 prior to infection as a positive
control demonstrated dose-dependent antiviral activity.
Statistical analysis
Where indicated, experiments were performed in triplicate. In histograms, bars are
representative of the mean value of the triplicates. Error bars represent the standard error mean
(SEM). Statistical significance was determined with Student’s t-test.
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Results
Anti-CD3 stimulation of NKT cell hybridomas induces the expression of IFN-α receptor mRNA
To investigate the possibility that iNKT cells could be affected by anti-CD3 mAb and type I
IFN stimulation, we first asked whether three different iNKT cell hybridomas (N38-2C12, N383C3, and DN32.D3) expressed the gene encoding interferon-α/β receptor alpha chain, IFNAR1.
Each hybridoma was stimulated with three doses of immobilized anti-CD3 mAb and two doses
of mouse recombinant IFN-α2 (rIFN-α2). IFNAR1 expression was found to be dependent on the
dose of rIFN-α2 in each of the hybridomas and dependent on the dose of anti-CD3 mAb in
N38.2C12 and DN32.D3 cells (Figure 2a). This suggested that IFN-α stimulation of iNKT cells
may operate in a positive feedback loop in which activation of the IFNAR1 results in its elevated
expression, and also that stimulation of CD3 can lead to increased IFNAR1 expression.
IFN-α significantly enhances the expression of TLRs in NKT cell hybridomas
To confirm the expression of TLR transcripts by different iNKT cell hybridomas, we
stimulated N38-2C12, N38-3C3, and DN32.D3 cells with anti-CD3 mAb. Transcripts for TLR3,
5, 7, and 9 were found in all three hybridomas, supporting previously reported TLR expression in
DN32.D3 cells (Kulkarni et al., 2012), though the transcription of TLR genes was not dependent
on the dose of anti-CD3 mAb (Figure 2b-e). All three hybridomas were responsive to rIFN-α2
in a dose-dependent manner regarding the expression of TLR3 (Figure 2b). TLR7 transcription
was also enhanced by rIFN-α2 in all three cell lines; however, a dose-dependent relationship was
observed only in DN32.D3 cells (Figure 2d). Transcription of neither TLR5 (Figure 2c) nor
TLR9 (Figure 2e) was significantly affected by rIFN-α2 stimulation. Since robust TLR3
transcription was observed in all three cell lines when stimulated with anti-CD3 mAb and IFN-α,
we investigated the effect that IFN-α might have on TLR3 protein expression. TLR3 surface
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protein was found to be upregulated in DN32.D3 cells stimulated with either α-GalCer or antiCD3 mAb. This expression was further enhanced by the addition of rIFN-α2 (Figure 2f,g).
IFN-γ and IL-4 production by DN32.D3, N38-2C12 and N38-3C3 cells is dependent on the dose
of anti-CD3 mAb and IFN-α
In order to assess the ability of iNKT cell hybridomas to produce cytokines, we stimulated
iNKT hybridomas with anti-CD3 and rIFN-α2 and analyzed the culture supernatant by ELISA.
As expected, cells stimulated with anti-CD3 exhibited an increase in IFN-γ and IL-4 production,
with further increases in cytokine production with the addition of rIFN-α2 (Figure 3a-c). IL-2
was also analyzed and was found to be highly inducible by anti-CD3 mAb, confirming our
previous findings; however, no statistically significant effect due to rIFN-α2 was observed (data
not shown). It was observed that rIFN-α2 treatment increased the IFN-γ:IL-4 ratio, suggesting
that stimulation of IFNAR1 can lead to a TH1-biased response from iNKT cells (Figure 3d).
Thus, IFN-α treatment leads to not only enhanced TLR expression, but can also steer iNKT
hybridoma cells towards a TH1-like cytokine profile. Since the DN32.D3 iNKT cell hybridoma
has been investigated in previous studies and has been shown to have a robust cytokine response
to both TCR and TLR stimuli, we further investigated the potential effects of rIFN-α2 on this
cell line.
IFN-γ, IL-4, and TNF-α production is enhanced in DN32.D3 cells treated with IFN-α and antiCD3 mAb followed by TLR ligands
To determine the functionality of TLR protein expressed by DN32.D3, iNKT cells were
stimulated with anti-CD3 mAb and rIFN-α2 for 18 hours. DN32.D3 cells were then incubated in
fresh culture plates lacking anti-CD3 mAb in medium containing one of four TLR-ligands (poly
I:C, R848, ODN2395, ODN2395C, and PBS control) for 24 hours. The dose of each TLR ligand
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used was described in an earlier study (Kulkarni et al., 2012). Production of IFN-γ, IL-4, and
tumor necrosis factor (TNF)-α was enhanced by the presence of TLR ligands compared to PBS
controls (Figure 4a-c). No significant difference in IL-2 production was detected (data not
shown). The effects of TLR ligands on cytokine production were observed after stimulation with
anti-CD3 mAb at three different doses, and were statistically significant after stimulation with
anti-CD3 mAb at both 10 and 100 ng/mL, but not at 0 or 1000 ng/mL. This strongly suggests
that TCR and IFNAR1 stimulation work in tandem to sensitize DN32.D3 cells to stimulation
with TLR ligands. In addition, stimulation of DN32.D3 cells with TLR ligands further polarizes
them to IFN-γ production when pre-treated with low doses of anti-CD3 mAb (10 ng/mL), but not
with medium (100 ng/mL) or high doses (1,000 ng/mL) (Figure 4d).
IFN-γ production by DN32.D3 cells is prolonged after treatment with IFN-α and anti-CD3 mAb
When assessing the ability of DN32.D3 cells to communicate with other cell types through
secreted cytokines, it is necessary to ensure that the supernatants used are free of contaminating
TLR ligands as they are capable of eliciting responses in many cell types and could mask the
effects of DN32.D3-derived cytokines. To avoid this problem, DN32.D3 cells were stimulated
with anti-CD3 mAb and rIFN-α2 for 18 hours before they were moved to a fresh culture plate
lacking anti-CD3 mAb and incubated with TLR ligands for 4 hours. The cells were then washed
twice with PBS and incubated in growth medium for another 24 hours before cell supernatants
were collected. Overall, IFN-γ production was lower compared to experiments where DN32.D3
cells were incubated with TLR ligands for a full 24 hours; however, IFN-γ production was
maintained even in the absence of stimuli and DN32.D3 cells which were pulsed with TLR
ligands continued to produce significantly more IFN-γ than control cells which were likewise
stimulated with anti-CD3 mAb and rIFN-α2, but not exposed to TLR ligands (Figure 5). Thus,
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after transient exposure to TLR ligands, DN32.D3 cells continued to produce cytokines which
could be used downstream to treat other cell types. Therefore, all further experiments below were
carried out on DN32.D3 cells pre-treated with anti-CD3 mAb and rIFN-α2 prior to the addition
of TLR ligands.
RAW264.7 cells were activated by supernatant from TLR-treated DN32.D3 cells
To examine the possibility that TLR-activated iNKT cells can activate macrophages, culture
supernatants from DN32.D3 cells were used to stimulate the mouse monocyte/macrophage cell
line, RAW264.7 for 24 hours. Supernatant derived from DN32.D3 cells treated with TLR ligands
with or without IFN-α pre-treatment showed a significantly greater capacity than PBS controls to
stimulate RAW264.7 cells. RAW264.7 cells showed enhanced secretion of IL-6, and PGE2 after
treatment with supernatant from TLR ligand-treated DN32.D3 cells (Figure 6b,d). Supernatant
from CpG-stimulated DN32.D3 cells had the most potent effects on RAW264.7 cells, despite the
fact that CpG-stimulated DN32.D3 cells did not produce significantly more IFN-γ than cells
stimulated with other TLR ligands (Figure 6a).
To investigate the ability of iNKT cells to induce phagocytic activity in macrophages, this
parameter was assessed in RAW264.7 cells after stimulation with supernatant from TLRstimulated iNKT cells. Uptake of FITC-labelled latex beads was significantly enhanced in
RAW264.7 cells treated with supernatant from DN32.D3 cells treated with CpG (Figure 6c).
However, RAW264.7 cells treated with supernatant from DN32.D3 cells treated with poly I:C,
R848, or CpGCx did not exhibit any significant change in fluorescent bead uptake.
We also wanted to determine if supernatant from TLR-treated iNKT cells could induce
macrophages to express elevated levels of the co-stimulatory molecule, CD80. RAW264.7 cells
stimulated with supernatant from TLR ligand-treated DN32.D3 cells expressed significantly
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higher amounts of CD80 on their cell surface (Figure 7). Supernatant from CpG-treated
DN32.D3 cells were the most potent in inducing CD80 expression on RAW264.7 cells, boosting
expression from 8.28% by supernatant from PBS-treated DN32.D3 cells to 22.9% by the CpGtreated DN32.D3 cells (Figure 7).
Antiviral activity of DN32.D3 cells is modulated by TLR ligands
Since iNKT cells are involved in early cytokine responses to viral infections, these cytokines
may be involved in mediating antiviral activity in neighbouring cells. Supernatant from TLRstimulated DN32.D3 cells was used to treat the mouse fibroblast line, L-929, for 6 hours. L-929
cells were then infected with VSV-GFP (MOI = 1) for 12 hours. Infected cells synthesize GFP
and can be identified by green fluorescence by flow cytometry. Nearly all untreated cells
infected with VSV-GFP fluoresced green, while fluorescence in cells pre-treated with rIFN-α2
was inhibited in a dose-dependent manner (Figure 8a). Uninfected cells did not fluoresce at all,
acting as a negative control. Culture supernatant from DN32.D3 cells treated with anti-CD3 mAb
and poly (I:C) or R848 had negligible protective effects on L-929 cells. Culture supernatant from
DN32.D3 cells treated with anti-CD mAb and CpG or CpGCx had protective effects similar to
direct stimulation of L-929 with 1 U/mL rIFN-α2 (Figure 8b). Anti-CD3 mAb and rIFN-α2treated DN32.D3 cells produced supernatant that was protective, roughly equivalent to 100
U/mL of rIFN-α2 (51.2% of cells were fluorescent) (Figure 8b). This protective effect was
somewhat enhanced in supernatants from DN32.D3 cells treated with poly (I:C) (45.1%), R848
(45.1%), CpG (40.0%), or CpGCx (43.5%). The results demonstrate the capacity for anti-CD3
mAb and rIFN-α2-treated DN32.D3 cells to activate innate antiviral mechanisms. In addition, it
appears that CpG ODNs can further enhance the potency of innate antiviral responses driven by
the activation of DN32.D3 cells.
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Discussion
The present study demonstrates the inducible expression of TLRs by multiple iNKT cell lines
following pre-treatment with IFN-α and anti-CD3 mAb. However, the current literature contains
conflicting evidence for a significant role for iNKT cell TLRs. It has been demonstrated that
hepatic NK1.1+TCRβ+ lymphocytes are capable of expressing mRNA for TLR2, 4, and 5
(Shimizu et al., 2002). It was observed that these hepatic NK1.1+ T cells were capable of
responding directly to TLR2 activation and these cells were suggested to be directly responsible
for hepatic injury through increased Fas ligand expression in the context of Salmonella infection.
While it is possible that this population of T cells was at least partially composed of iNKT cells,
it is unclear what proportion of these NK1.1+ T cells were Vα14-Jα18+ iNKT cells.
Primary human iNKT (Vα24-Vβ11+) cells have been shown to express nearly all known TLR
genes, with the exception of TLR8 (Moreno et al., 2009). However, these primary human iNKT
cells were not able to respond to direct activation with TLR ligands, even after activation with
sub-optimal concentrations of IL-2 and a combination of anti-CD3 and anti-CD28 mAbs.
Instead, TLR ligands were shown to be crucial in activating APCs, which could then enhance the
downstream activation of iNKT cells. This has also been demonstrated in a mouse model
(Marschner et al., 2005; Paget et al., 2007).
Similar to primary human iNKT cells, mouse DN32.D3 cells did not significantly increase
their cytokine production in response to most TLR ligands after pre-stimulation with anti-CD3
mAbs, as previously reported (Kulkarni et al., 2012). However, peptidoglycan (PG), a TLR2
ligand, was found to have a suppressive effect on DN32.D3 cells, which significantly decreased
production of IL-2, IL-4, and IFN-γ. In addition, treatment with CpG ODN2395 resulted in a 2to 3-fold increase in IL-2 production, but had no effect on IL-4 or IFN-γ levels (Kulkarni et al.,
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2012). However, these cells were lacking IFNAR1 stimulation, which has been shown to have
significant effects on the expression of some TLRs in conventional T cells (Komai-Koma et al.,
2004).
In the present study, we report a significant effect of IFN-α on iNKT cell behaviour. In this
regard, IFN-γ and IL-4 production was increased in DN32.D3 cells stimulated with anti-CD3
mAb and rIFN-α2. However, IFN-γ production had a greater relative increase than IL-4 when
compared to DN32.D3 cells stimulated with anti-CD3 mAb alone. This suggests that type I IFNs
serve to polarize iNKT cell activity, promoting a TH1-like phenotype. Using this model, we
demonstrate that a consequence of iNKT cell activation with type I IFN and TCR agonists may
include increased expression and function of TLRs in addition to TH1 cytokine production.
iNKT cell activation is dependent on type I IFN in the context of mouse cytomegalovirus
(MCMV) infection (Paget et al., 2007). In this model, DCs infected with MCMV were
stimulated through TLR9 and provided a source of IFN-β which induced iNKT cells to produce
IFN-γ, but not IL-4, shaping the cytokine output of iNKT cells towards a TH1-like response.
Paget and colleagues also observed that a combination of type I IFN-mediated stimulation and
the recognition of host glycolipids presented by infected DCs synergistically activated iNKT
cells.
Type I IFNs were first noted for their innate antiviral properties and have been found to exert
their effects on a broad range of cell types. Treatment of cells with type I IFN induces the
expression of numerous genes which play a role in resistance to viral infection, known as
interferon-stimulated genes (ISGs), including 2’5’-oligoadenylate synthetase (OAS), and protein
kinase R (PKR). Not only do type I IFNs influence cells involved in the innate immune response,
they have also been demonstrated to significantly impact the behavior of T and B lymphocytes in
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an immunoregulatory role. Notably, IFN-α has been shown to have a profound influence on the
behaviour of conventional CD4+ T cells, promoting a TH1 phenotype in the biased production of
IFN-γ over IL-4 (Tough, 2012). This in turn could have an impact on their ability to respond to
TLR ligands. Indeed, there is evidence that TLR expression and function differs between
subtypes of CD4+ T cells. For instance, TLR2 ligands have been shown to directly activate TH1
cells, but not TH2 cells (Imanishi et al., 2007). In addition, naïve CD4+ T cells activated with
anti-CD3 mAb and IFN-α were demonstrated to express increased levels of TLR2 and TLR4
mRNA and protein (Komai-Koma et al., 2004). Thus, type I IFN has been demonstrated to
promote the TH1 phenotype as well as TLR expression and function in conventional CD4+ T
cells.
The synergistic effects of IFN-α co-stimulation on TLR expression might be explained by the
intersection of the IFNAR1 and TCR signalling pathways. For instance, it has been established
that at least some of the effects of direct stimulation of T cells through IFNAR1 are dependent on
molecules that are also involved in the TCR signalling cascade, such as Zap70, Lck, and CD45
pathways (Hervas-Stubbs et al., 2011). In one proposed model, IFNAR1 and TCR signalling are
linked through mitogen-activated protein kinase (MAPK) signalling since both IFNAR1 and
TCR signalling pathways result in activation of ERK1/2 (Stevens et al., 2010). It is possible that
similar mechanisms are in play in the context of iNKT cells. Further study into the possible
control of MAPK signalling by IFNAR1 and Vα14-Jα18 TCR co-stimulation is required to
achieve a fuller understanding of how type I IFNs can influence iNKT cell behaviour.
Given the speculation surrounding a possible link between IFNAR1 and TCR signalling
pathways, it is notable that we observed that IFN-α stimulation alone was insufficient to induce
TLR expression by iNKT cell hybridomas; however, when combined with stimulation with anti-
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CD3 mAb, IFN-α significantly enhanced the expression of some, but not all TLR genes. For
example, gene expression of TLR5, which detects flagellin at the cell surface, was not affected
by IFN-α treatment. Rather, IFN-α appeared to enhance the expression of endosomal TLRs
which detect nucleic acid PAMPs associated with intracellular pathogens, such as TLR3, and
TLR7. The expression of TLR9, another endosomal TLR, was not significantly affected by IFNα treatment. However, lack of modulation of expression of TLR9 did not appear to hinder the
direct effects of the TLR9 ligand, CpG ODN2395, on DN32.D3 cells, as discussed below.
The supernatants collected from TLR-stimulated DN32.D3 cells were capable of stimulating
RAW264.7 cells. DN32.D3 cells stimulated with TLR ligands produced increased levels of IFNγ and TNF-α, in addition to increases in IL-4 and IL-2, detected by ELISA. However, the
cytokine repertoire of iNKT cells extends well beyond the ones measured and includes TGF-β,
IL-21, IL-5, IL-10, IL-13, IL-6, IL-3, IL-9, IL-17, and granulocyte macrophage colonystimulating factor (GM-CSF) (Bendelac et al., 2007). The potent activation of RAW264.7
macrophages by CpG-stimulated DN32.D3 cells is of particular interest. RAW264.7 cells
stimulated with TLR-treated DN32.D3 cells demonstrated only modest differences in IFN-γ
production between CpG-stimulated DN32.D3 cells and DN32.D3 cells stimulated with poly
(I:C), R848, or CpGCx. Despite this, we observed that CpG-stimulated DN32.D3 cell
supernatant was able to activate RAW264.7 cells to a significantly greater extent when compared
to other TLR ligands. This was somewhat unexpected, because classical macrophage activation
by IFN-γ has been well documented; thus, the degree of macrophage activation would be
expected to correspond more closely with IFN-γ levels in the supernatant (Murray et al., 1985;
Reed, 1988; Flynn et al., 1993). This suggests the possibility of the existence of another
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mechanism by which RAW264.7 macrophage cells are activated in addition to DN32.D3 cellderived IFN-γ.
Indeed, macrophages can be alternately activated by IL-4. The so-called “alternately
activated” macrophages have reduced antimicrobial activities and instead perform activities
conducive to tissue repair (Mosser, 2003). Upon activation, DN32.D3 cells produce appreciable
quantities of IL-4 in addition to IL-2 and IFN-γ. The ratio of IFN-γ to IL-4 was modulated by
TLR activation; thus, it is possible that this ratio may impact the manner in which RAW264.7
cells were activated. However, this does little to explain the particularly potent effects of CpG on
DN32.D3 cells to activate macrophages.
Another possible explanation of the impact of CpG on RAW264.7 cell activation is induction
of TNF-α production from DN32.D3 cells. DN32.D3 cells stimulated with CpG DNA produced
significantly higher quantities of TNF-α than when stimulated with other TLR ligands, especially
at lower doses of anti-CD3 mAb. In classical macrophage activation, IFN-γ potentiates the
activation of macrophages by TNF-α (Mosser, 2003). This TNF-α can either be exogenous or
from TLR activation on macrophages, acting in an autocrine/paracrine manner. Therefore, it is
plausible that IFN-γ and TNF-α work in concert and the differences observed between CpGtreated DN32.D3 cells and those treated with other TLR ligands is dependent on TNF-α.
DN32.D3 cell supernatants also exhibited significant antiviral properties. L-929 cells were
rendered resistant to VSV-GFP infection by supernatants from rIFN-α2 and TLR ligand-treated
DN32.D3 cells. The antiviral activity of DN32.D3 supernatants was comparable to mid-range
doses of direct rIFN-α2 stimulation; therefore, it is possible that iNKT cells produce further type
I IFNs in response to IFN-α stimulation. Notably, it was observed that hepatic iNKT cells indeed
produce IFN-β, contributing to the priming of anti-inflammatory IL-10-producing CD8+ T cells;
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however a direct innate antiviral role for iNKT cell-produced type I IFNs has not yet been
described to our knowledge (Wahl et al., 2007). Other antiviral cytokines, such as TNF-α, which
was significantly enhanced by stimulation with CpG, could also play a role. In fact, TNF-α has
been shown to inhibit the replication of viruses, including influenza A virus, and hepatitis B
virus (HBV) (Seo and Webster, 2002; Puro and Schneider, 2007). The present findings suggest a
previously overlooked potential role for the activation of iNKT cells with IFN-α and TLR
ligands in the context of innate antiviral responses.
The biological significance of the present study is limited by the iNKT cell hybridoma
model; nevertheless, placed in the proper context of other studies of iNKT cells and TLRs, we
propose that the expression and function of TLRs on iNKT cells plays a larger role than currently
believed to be. In recent work describing the ability of TLRs to modulate iNKT cell behavior, the
expression and function of TLRs has been attributed primarily to the direct activation of APCs,
enhancing downstream effects of iNKT cell activation (Paget et al., 2007; Tyznik et al., 2008;
Moreno et al., 2009). Nevertheless, direct TLR activation of iNKT cells may also be a
contributing factor to the early production of cytokines by iNKT cells. While past efforts have
overlooked iNKT cell TLR expression and function, we have shown that TLR expression by
iNKT cell hybridomas is highly inducible by CD3 stimulation and IFN-α which has not yet been
demonstrated to our knowledge. The subsequent activation of these TLRs with their respective
ligands could play a significant role in achieving optimal cytokine production under conditions
of high type I IFN, for example, in the case of viral infection. Additional studies should be
conducted to further elucidate the biological roles for inducible TLR expression on iNKT cells.
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Tables and Figures
Table 3. Primer sequences for target genes
Target
Gene
β-actin

Accession#

Forward Sequence

Reverse Sequence

NM_007393.3

5'-CCACACCCGCCACCAGTTCG

5'-ACAGCCCGGGGAGCATCGTC

TLR3

NM_126166.4

5'-CGGGGGTCCAACTGGAGAACCT

5'-GTGGGGGTTCAGTTGGGCGT

TLR5

NM_016928.2

5'-CGGTCCCGCCAGCCATTTCA

5'-ATGAGCTGCAGCGGCAAGGG

TLR7

NM_133211.3

5'-GCCTTCAAGAAAGATGTCCTTGGCTCC

5'-TCCGTGTCCACATCGAAAACACCA

TLR9

NM_031178.2

5'-CTCTTGGCTGTGGCCGTGGG

5'-GGAGAGTTTGGGCGCTGCGT

IFNAR1

NM_010508.2

5'-ATCGGTTGCAGCAGCGGGTAAG

5'-ACAGGAAACCCCGGTCACACCA
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Figure 2. IFNAR1 and TLR expression by iNKT cell hybridomas in response to anti-CD3
mAb and rIFN-α2.
N38-2C12 (2C12), N38-3C3 (3C3), and DN32.D3 (DN32) iNKT cell hybridomas were
simultaneously stimulated with rIFN-α2 or medium control and either immobilized anti-CD3
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mAb (a-e, g) or solubilized αGalCer (f) in the cell culture medium for 18 hours. (a-e) RNA was
extracted from cell culture samples, followed by reverse transcription. Real-time PCR was
performed on cDNA samples to quantify relative gene expression. Gene expression is expressed
relative to the housekeeping gene, β-actin. (f,g) DN32.D3 cells were cultured for 18 hours with
either (f) αGalCer (500 ng/mL) or (g) anti-CD3 mAb (1,000 ng/mL) in the presence of rIFN-α2
(1,000 U/mL). Surface expression of TLR3 was analysed using flow cytometry. The percentage
of the population that stained positive for TLRs is indicated on the histogram. Geometric mean
fluorescent intensity is shown to the right of the respective histogram. The experiment was
performed twice and samples were treated in triplicate. Data shown represent results from one
experiment. Bars represent the mean of three replicates. Error bars represent the standard error of
the mean. Statistical significance was determined using Student’s t-test. (#) indicates a
statistically significant effect (p ≤ 0.05) due to anti-CD3 mAb compared to unstimulated cells;
(*) indicates a statistically significant effect (p ≤ 0.05) due to rIFN-α2 compared to cells treated
with PBS in addition to the same concentration of anti-CD3 mAb.
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Figure 3. Cytokine production by rIFN-α2-treated iNKT cell hybridomas.
Anti-CD3 mAb treated N38-2C12, N38-3C3, and DN32.D3 Vα14-Jα18 iNKT cell hybridomas
were cultured in the presence of rIFN-α2 or medium control and 0, 10, 100, or 1000 ng/mL of
immobilized anti-CD3 mAb for 18 hours. (a-c) Supernatants were collected and IFN-γ and IL-4
were quantified by ELISA. (d) IFN-γ:IL-4 ratio was determined by dividing the IFN-γ quantity
by the IL-4 quantity for each individual sample. The experiment was performed twice and
samples were tested in triplicate. Data represent results from one experiment. Bars represent the
mean of three replicates. Error bars represent the standard error of the mean. Statistical
significance was determined using Student’s t-test. (#) indicates a statistically significant effect
(p ≤ 0.05) due to rIFN-α2 compared to cells treated with anti-CD3 mAb alone; (*) indicates a
statistically significant effect (p ≤ 0.05) due to rIFN-α2 compared to cells treated with PBS in
addition to the same concentration of anti-CD3 mAb.
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Figure 4. Cytokine production after TLR ligation of DN32.D3 cells pre-treated with rIFNα2 and anti-CD3 mAb.
DN32.D3 cells were simultaneously treated with 1,000 U/mL of rIFN-α2 or medium control and
0, 10, 100, or 1000 ng/mL of anti-CD3 mAb for 18 hours. Cells were then washed and plated in
fresh culture plates in growth medium supplemented with TLR ligands for 24 hours.
Supernatants were collected and IFN-γ, TNF-α, and IL-4 were quantified by ELISA. The
experiment was performed twice with samples tested in triplicate. Data represent results from
one experiment. Bars represent the mean of three replicates. Error bars represent the standard
error of the mean. Statistical significance was determined using Student’s t-test. (#) indicates a
statistically significant effect (p ≤ 0.05) due to rIFN-α2 compared to cells treated with anti-CD3
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mAb alone; (*) indicates a statistically significant effect (p ≤ 0.05) due to TLR ligand treatment
compared to cells treated with same concentration of anti-CD3 mAb and rIFN-α2.
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Figure 5. Cytokine production by TLR ligand-treated DN32.D3 cells following removal of
TLR ligands for 24 hours.
DN32.D3 cells were simultaneously treated with rIFN-α2 or medium control and 100 ng/mL of
anti-CD3 mAb for 18 hours. Cells were then washed and plated in fresh culture plates in growth
medium supplemented with TLR ligands for 4 hours. Cells were then washed and cultured for
another 24 hours in growth medium. Supernatants were collected and IFN-γ was quantified by
ELISA. The experiment was performed twice and samples were tested in triplicate. Data
represent results from one experiment. Bars represent the mean of three replicates. Error bars
represent the standard error of the mean. Statistical significance was determined using Student’s
t-test. (#) indicates a statistically significant effect (p ≤ 0.05) due to rIFN-α2 compared to cells
treated with anti-CD3 mAb alone; (*) indicates a statistically significant effect (p ≤ 0.05) due to

58

TLR ligand treatment compared to cells treated with same concentration of anti-CD3 mAb and
rIFN-α2.
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Figure 6. Activation of RAW264.7 cells with TLR ligand-treated DN32.D3 cell culture
supernatants.
DN32.D3 cells were simultaneously treated with rIFN-α2 or medium control and 100 ng/mL of
anti-CD3 mAb for 18 hours. Cells were then washed and plated in fresh culture plates in growth
medium supplemented with TLR ligands for 4 hours. Cells were washed and then cultured for
another 24 hours in growth medium. (a) IFN-γ from these supernatants was quantified by
ELISA. RAW264.7 cells were cultured in the presence of the DN32.D3 supernatants for 24
hours and analyzed for IL-6 by ELISA (b), and PGE2 EIA (c). (d) In a separate experiment,
RAW264.7 cells were cultured in the presence of TLR-treated DN32.D3 supernatants and FITCconjugated latex microbeads. Phagocytic activity was measured by the degree of uptake of the
beads, quantified with a fluorescence plate reader. The experiment was performed twice and
samples were tested in triplicate. Data shown represent results from one experiment. Bars
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represent the mean of three replicates. Error bars represent the standard error of the mean.
Statistical significance was determined using Student’s t-test. (#) indicates a statistically
significant effect (p ≤ 0.05) due to rIFN-α2 compared to cells treated with anti-CD3 mAb alone;
(*) indicates a statistically significant effect (p ≤ 0.05) due to TLR ligand treatment compared to
cells treated with same concentration of anti-CD3 mAb and rIFN-α2. RFU – relative fluorescent
units.
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Figure 7. CD80 expression by RAW264.7 cells after treatment with TLR-triggered
DN32.D3 cell culture supernatants.
DN32.D3 cells were simultaneously treated with rIFN-α2 or medium control and 100 ng/mL of
anti-CD3 mAb for 18 hours. Cells were then washed and plated in fresh culture plates in growth
medium supplemented with TLR ligands for 4 hours. Cells were washed and then cultured for
another 24 hours in growth medium. Supernatants were collected and then RAW264.7 cells were
cultured in the presence of the DN32.D3 supernatants for 24 hours. Cells were stained with antiCD80 mAb and cell populations were analyzed using flow cytometry. The dotted line represents
the isotype control. The grey line represents the constitutive expression. The black line
represents the expression due to supernatant treatment. Experiment was performed once.
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Figure 8. Antiviral activity of cell culture supernatants from rIFN-α2 and TLR ligand
treated DN32.D3 cells.
DN32.D3 cells were simultaneously treated with rIFN-α2 or medium control and 100 ng/mL of
anti-CD3 mAb for 18 hours. Cells were then washed and plated in fresh culture plates in growth
medium supplemented with TLR ligands for 4 hours. Cells were washed and then cultured for
another 24 hours in growth medium. Supernatants were collected and used to treat L-929 cells
for 6 hours. L-929 cells were then infected with VSV-GFP at MOI = 1 for 12 hours and then
analyzed by flow cytometry. Some L-929 cell cultures were treated directly with rIFN-α2 instead
of DN32.D3 supernatants as a positive control for antiviral activity. Positive gate was set based
on the upper 2% of the virus-negative control. Experiment was performed twice. Data shown are
representative of one experiment.
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Chapter III: Negative regulation of iNKT cell activity by oligodeoxynucleotide
(ODN) co-stimulation
Abstract
Vα14-Jα18+ invariant natural killer T (iNKT) cells are a T cell subset which can rapidly
produce a diverse spectrum of cytokines in response to T cell receptor (TCR) activation or
through cytokine signalling. In addition, iNKT cell behavior can be modified by activation of
their Toll-like receptors (TLRs). Investigation into how TLR9 activation can modulate iNKT cell
responses demonstrated that TLR9 ligands, CpG oligodeoxynucleotides (ODNs) 2395 and
2395C, can directly enhance interferon (IFN)-γ and interleukin (IL-4) production by anti-CD3
pre-activated iNKT cells. However, when iNKT cell hybridomas were stimulated concurrently
with anti-CD3 monoclonal antibody (mAb) and either ODN, overall cytokine production was
reduced to levels below those seen in CD3-activated iNKT cells in the absence of TLR ligands.
In addition to a sharp reduction in IFN-γ and IL-4 production, transcription of numerous genes,
including housekeeping genes, was decreased. A previous observation of the inhibition of
mitogen-activated protein kinase (MAPK) activity was supported by an increase in DUSP1
transcription and protein expression. Therefore, it is possible that the concurrent stimulation of
iNKT cells with anti-CD3 mAb and ODNs could lead to increased deactivation of MAPKs
through the elevated expression of DUSP1.
Introduction
Invariant natural killer T (iNKT) cells are a distinct T cell subset that expresses the invariant
Vα14-Jα18 TCR in mice (Vα24-Jα18 in humans). They are noted for their ability to recognize
glycolipid antigen, such as α-galactosylceramide (α-GalCer), presented in the context of the
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MHC class I-like molecule, CD1d. In response to TCR activation or cytokine stimulation, iNKT
cells can produce large quantities of cytokines, including IFN-γ and IL-4 (Bendelac et al., 2007).
As such, they are seen as important mediators of the initiation of immune responses and
maintaining immunohomeostasis.
Toll-like receptors (TLRs) are an important component of the innate immune system. As a
class of pathogen recognition receptor (PRR), TLRs are instrumental in the recognition of
pathogen-asssociated molecular patterns (PAMPs). One such PAMP is unmethylated CpG DNA
which has been shown to activate TLR9. Stimulation of antigen presenting cells (APCs), such as
dendritic

cells

(DCs),

plasmacytoid

DCs

(pDCs),

or

macrophages,

with

CpG

oligodeoxynucleotides (ODNs) results in the activation of transcription factors NF-κB and IRF7,
and subsequent transcription and production of inflammatory and antiviral cytokines, such as
type I IFNs, TNF-α, and IL-6 (Kumar et al., 2009; Kawai and Akira, 2010).
T cells also express their own repertoire of TLRs and the direct activation of these TLRs can
lead to differential effects upon T cell behavior (Kulkarni et al., 2010a). The TLR2 ligand,
Pam3CSK4 has been shown to promote cytokine production in naïve cord blood CD4+ T cells
(Komai-Koma et al., 2004). On the other hand, co-stimulation with the TLR4 ligand,
lipopolysaccharide (LPS), was observed to have negative effects on CD4+ T cell cytokine
production through the upregulation of mitogen activated protein kinase (MAPK) phosphatase 3
(MKP-3) activity (González-Navajas et al., 2010). TLR5, which recognizes bacterial flagellin,
and TLR7, which recognizes single stranded (ss)RNA, are also expressed by memory T cells and
their activation has been found to have stimulatory effects on IFN-γ production and cell
proliferation (Caron et al., 2005). Like conventional T cells, iNKT cells have been shown to
express TLR transcripts; however, the significance of their direct activation has been questioned
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(Tyznik et al., 2008; Moreno et al., 2009). Despite this, recently emerging evidence for a
biological role for iNKT cell TLR3 and TLR4 continues to build (Gardner et al., 2010; Kim et
al., 2012). We recently confirmed TLR gene transcription in a mouse iNKT cell hybridoma
model. We observed that TLR expression is inducible by TCR stimulation and that direct costimulation of iNKT cell hybridomas with TLR ligands leads to differential effects on their
ability to produce IL-2, IFN-γ, and IL-4, as well as their ability to stimulate the mouse DC cell
line,

DC2.4

(Kulkarni

et

al.,

2012).

In

addition,

we

have

also

observed

that

oligodeoxynucleotides (ODN) could have potent inhibitory effects on iNKT cell activation (RR
Kulkarni, unpublished data). Here, we demonstrate that the previously described TLR9 ligand,
CpG ODN 2395 down-regulates cytokine production by the DN32.D3 iNKT cell hybridoma at
both the transcriptional and protein levels. This reduction in cytokine production correlates with
decreased phosphorylation of mitogen-activated protein kinase (MAPK) which may be mediated
by increased MAPK phosphatase expression. In addition, the observed suppressive effects were
also seen with the non-CpG ODN 2395C, suggesting that ODN-mediated suppression of
DN32.D3 is mediated through a TLR9-independent mechanism.
Materials and methods
Cell line
The Vα14-Jα18 TCR-expressing DN32.D3 iNKT cell hybridoma was used as a model for
murine iNKT cell responses. See Chapter II for details.
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TCR ligands
Cell culture plates were coated with 100 ng/mL of anti-CD3 mAb diluted in PBS overnight.
Cells were then rinsed, washed with PBS prior to the addition of DN32.D3 cells. See Chapter II
for details.
TLR ligands
Poly (I:C) (25 μg/mL), R848 (1 μg/mL), ODN 2395 (10 μg/mL), and ODN 2305C (10
μg/mL) (Table 4) were used to co-stimulate DN32.D3 cells. See Chapter II for details.
ELISA
eBioscience Ready-Set-Go ELISA kits for IL-2, IFN-γ and IL-4 were used to quantify
cytokines present in DN32.D3 cell culture supernatants. See Chapter II for details.
RNA extraction, cDNA synthesis and real-time PCR
See Chapter II for details. See Tables 3 and 5 for primer sequences used.
PD98059 and SB203580 MEK/MAPK inhibitors
PD98059 MEK inhibitor and SB203580 p38 MAPK inhibitor were obtained from Invitrogen
(Carlsbad, CA, USA). Stock solutions were stored at -20°C. Working solutions were diluted in
RPMI 1640 medium with a maximum of 0.1% DMSO (Sigma-Aldrich, St. Louis, MO, USA).
Cell culture stimulation
DN32.D3 cells were stimulated in RPMI 1640 medium with either 100 ng/mL immobilized
anti-CD3 mAb or 200 ng/mL α-GalCer and TLR ligands simultaneously in order to achieve costimulation with both TCR and TLR ligands. Where indicated, cells were also cultured in the
presence of rIFN-α2.
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Western blot
Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer supplemented with
protease and phosphatase inhibitors. Protein content of the lysates was estimated using the Pierce
BCA Protein Assay Kit (Thermo, Rockford, IL, USA). Thirty micrograms of protein were
loaded onto 12% polyacrylamide gels. Protein was then transferred to polyvinylidene fluoride
(PVDF) membranes for blotting. Membranes were blocked with 5% skim milk in PBS with
0.05% TWEEN20 (PBST) and stained with goat anti-mouse DUSP1 polyclonal antibody
(Sigma-Aldrich, St. Louis, MO, USA) overnight at 4°C. The membrane was washed with PBST
and stained with rabbit anti-goat IgG-horseradish peroxidase (HRP) secondary antibody
(Invitrogen, Carlsbad, CA, USA) in 5% skim milk in PBST. The membrane was washed with
PBST and PBS then soaked in Perkin Elmer Western Lightning Plus ECL chemiluminescent
substrate (Perkin Elmer, Woodbridge, ON, Canada). Staining was detected on x-ray film and
scanned into a computer for image analysis.
Results
Co-stimulation of the DN32.D3 hybridoma with ODNs suppressed IFN-γ and IL-4 production
We have previously observed suppressive activity by ODNs on α-GalCer-treated DN32.D3
cells (RR Kulkarni, unpublished data). Stimulation of iNKT cells with anti-CD3 mAb was used
to simulate TCR activation with CD1d and glycolipid antigen and further reference to TCR
activation performed in the present study implies stimulation with anti-CD3 mAb unless
otherwise noted. Therefore, we first confirmed that both IFN-γ and IL-4 production are
significantly reduced in cells stimulated with immobilized plate-bound anti-CD3 mAb and costimulated with ODN 2395 or ODN 2395C. Significant suppressive effects of ODN costimulation were observed when cells were treated with 100 ng/mL of anti-CD3 mAb (Figure 9).
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In addition, the presence of rIFN-α2 did not significantly affect the ability of either ODN to
suppress cytokine production.
Co-stimulation of the DN32.D3 hybridoma with ODNs disrupted gene transcription
In order to determine the cause of this suppressive phenomenon, we stimulated DN32.D3
cells with anti-CD3 mAb and either poly (I:C), R848, ODN 2395, or ODN 2395C. The TLR
ligands poly (I:C) and R848 were chosen because TLR3 signalling is dependent on the adapter
molecule, TRIF, while TLR7 signalling is dependent on the adapter molecule MyD88, similar to
TLR9. It was found that cells treated with ODNs had a disrupted transcription profile compared
to cells treated with either poly (I:C) or R848 (Figure 10b). This was first observed in the late βactin crossing point values of samples treated with ODNs compared with control samples or
samples treated with poly (I:C) or R848 (Figure 10a).
Since the abnormality in β-actin expression hindered its usefulness as a housekeeping gene
for determining relative expression of other target genes, we investigated how ODN costimulation might affect two other housekeeping genes, glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and TATA box protein (TBP). TBP has previously been shown to be a
more stable housekeeping gene than β-actin in lymphoma-derived cells (Lossos et al., 2003).
Since one of the fusion partners of DN32.D3 cells is a thymoma cell line, we considered that
TBP might be a more appropriate housekeeping gene. We again witnessed late crossing points
for GAPDH and TBP in ODN-treated samples (Figure 10a). However, the differences in
crossing points of TBP appeared to be the least pronounced amongst the three housekeeping
genes tested.
Using TBP as the housekeeping gene, we examined the relative expression of DUSP1,
DUSP1, DUSP10, SHP-1, SHP-2, TRAF6, IRAK4, IL-6, IL-2, and IFN-γ (Figure 10b). At 6
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hours post-treatment, CD3-ligated DN32.D3 cells co-treated with either poly (I:C) or R848
expressed significantly higher levels of IL-2 and IFN-γ, while cells treated with ODNs were not
significantly affected (Figure 11c,f). In addition, ODN-stimulated cells exhibited significantly
elevated relative expression of the phosphatases DUSP1 and SHP-1 after 6 hours of stimulation,
raising the possibility that phosphatase activity may play a role in the down-regulation of
MAPK-mediated cytokine production (Figure 11a,b).
ODN-mediated cytokine suppression is not mediated by cell death
To determine whether cell death could be the cause of the decrease in cytokines present in
the cell culture supernatant, we stimulated DN32.D3 cells with different doses of anti-CD3 mAb
and co-stimulated with either R848, ODN 2395, or ODN 2395C for 18 hours. Cells were then
stained with propidium iodide (PI), an intracellular stain that is taken up by dead cells. Using
flow cytometry, we observed no significant effects of ODN-mediated co-stimulation on % cell
viability (data not shown).
Transcriptional reduction is not due to contamination of cells with latent MHV68
We next hypothesized that the mechanism behind the suppressive nature of ODN costimulation was related to murine herpesvirus (MHV) pro-virus contamination. TLR activation
can lead to activation of human gammaherpesviruses from latency and subsequent global
suppression of host gene transcription (Gregory et al., 2009; Richner et al., 2011). We designed
primers for the latency-associated transcript (LAT) of MHV68, M2 (Husain et al., 1999; DeZalia
and Speck, 2008). Using real-time PCR, we did not detect any of the MHV-derived M2 gene
expression in our samples stimulated with anti-CD3, R848, or either ODN. Thus, it is unlikely
that the suppressive effects of ODN co-stimulation were due to the presence of latent MHV68.
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ODN-mediated suppression is not MyD88-dependent
An unexpected observation was the suppressive nature of both ODN2395 and ODN2395C.
This is because ODN2395C is predicted to be non-reactive with TLR9 due to its lack of CpG
motifs. However, we observed suppressive properties of ODN 2395C which was comparable to,
though less potent, than those observed in ODN 2395. In addition to TLR9, there are a number of
PRRs which are capable of recognizing DNA, many of which may remain to be discovered. One
of the essential components of TLR9 signalling is the adaptor molecule, MyD88. To determine
whether ODN-mediated cytokine suppression was mediated by TLR signalling, we used a
peptide inhibitor of MyD88, PepinhMYD, which prevents dimerization of MyD88, which is
required for TLR signalling. While PepinhMYD did appear to increase cytokine production
overall, the same was observed in cells treated with non-specific control peptide, PepinhC
(Figure 12). The evidence did not suggest a necessary role for MyD88 signalling in ODNmediated iNKT cell suppression and further experiments should be carried out to clarify how
both ODN2395 and ODN 2395C are detected by iNKT cells.
MAPK inhibitors inhibit cytokine production similarly to ODN co-stimulation
We hypothesized that ODN-mediated cytokine suppression could be related to regulation of
MAPK signalling. Cells treated with the MAPK inhibitors, PD98059 (PD) (MEK1/ERK MAPK
inhibitor) or SB203580 (SB) (p38 MAPK inhibitor) exhibited dose-dependent cytokine
suppression comparable to that seen with ODN 2395 and ODN 2395C (Figure 13). Interestingly,
when cells were treated with a low dose of SB (1 μM), there was a significant enhancement of
IL-2 production (Figure 13a). However, when the dose was increased to 10 or 20 μM, a
significantly negative effect on IL-2 production was observed. On the other hand, when cells
were treated with PD at all concentrations, a significant decrease in IL-2 production was
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observed. When cells were treated with either ODN combined with either PD or SB, the
suppressive effects were additive. Since inhibitory characteristics were shared between ODNs
and MAPK inhibitors, it is possible that ODN-mediated suppression involves inhibition of
MAPK signalling pathways.
Expression of the MAPK phosphatase, DUSP1, is sustained after 24 hours in ODN co-stimulated
cells
We had previously conducted experiments demonstrating that MEK phosphorylation is
down-regulated in DN32.D3 cells co-stimulated with αGalCer and CpG ODN 2395 (R. Kulkarni,
unpublished data). TLR stimulation has been shown to result in the expression of MAPK
phosphatases in conventional CD4+ T cells (MAPKs) (González-Navajas et al., 2010). A major
mechanism of MAPK pathway inhibition is the activity of MAPK phosphatases, which
dephosphorylate MAPKs into their inactive forms. Using Western blotting, it was observed that
the relative expression of the phosphatase, DUSP1 remained elevated for up to 24 hours poststimulation in samples co-stimulated with ODNs compared to cells co-stimulated with poly (I:C)
or R848 (Figure 14a). Using densitometry to quantify DUSP1 expression relative to β-tubulin, it
was observed that relative DUSP1 expression in control samples gradually decreased over a
period of 24 hours. Meanwhile, DUSP1 protein in ODN-stimulated cells decreased at a much
lower rate (Figure 14b). When values were expressed as a percentage of the quantity of DUSP1
in the control (PBS) group at each time point, the relative expression of DUSP1 in ODN-treated
groups became more exaggerated over time up to 24 hours (544% expression relative to PBS
control for ODN 2395, and 730% for ODN2395C) (Figure 14c). However, DUSP1 expression
was also maintained in cells treated with poly (I:C) and R848, though at a lower quantity (416%

72

and 352%, respectively). The elevated levels of DUSP1 found in ODN co-stimulated DN32.D3
cells could help to explain the suppressed cytokine production.
Discussion
The suppressive effects on iNKT cell cytokine production upon ODN co-stimulation of
DN32.D3 cells were not due to a loss in cell viability. However, total cell counts were not
measured and it is possible that the decreased cytokine production is due to cell proliferation in
CD3-ligated control groups and a lack thereof by ODN co-stimulated DN32.D3 cells.
Nevertheless, other present findings described below offer other possible explanations for the
observed cytokine suppression.
We had previously observed a reduction in IL-2 production as a result of ODN costimulation of DN32.D3 cells (RR Kulkarni, unpublished data). While determining whether this
was controlled transcriptionally, we observed that reduced levels of IL-2 and IFN-γ mRNA after
6 hours corresponded with the reduced production of either cytokine protein after a period of 18
hours. This suggests that ODN-mediated cytokine suppression is at least partially controlled at
the transcriptional level. The ability of ODNs to exert transcriptional differences within hours of
stimulation is consistent with the rapid nature of MAPK signalling, suggesting that MAPKs may
be affected in the context of ODN-mediated suppression. We also observed a considerable
reduction in housekeeping gene expression as a result of ODN-treatment which could be
indicative of a global down-regulation of transcription or reduced mRNA stability. The findings
may also raise questions about the selection of housekeeping genes in quantitative real-time PCR
(Lossos et al., 2003).
We observed an increase in the transcription of the DUSP1 gene in ODN co-stimulated cells
6 hours post-stimulation, corresponding with sustained expression of DUSP1 protein after 24
73

hours. DUSP1 has been shown to dephosphorylate p38, JNK, and ERK MAPKs; however,
DUSP1 most specifically targets p38 MAPK, and ERK MAPKs least specifically (Jeffrey et al.,
2007). As such, there are numerous potential effects that increased expression of DUSP1 may
have on iNKT cell activation. DUSP1 has been shown to play a mainly negative role in the
innate response (Abraham and Clark, 2006). For example, in macrophages, DUSP1-deficiency
leads to enhanced cytokine production, possibly due to increased phosphorylation of p38 and
JNK MAPKs (Chi et al., 2006). Furthermore, in an in vivo context, DUSP1-deficient mice are
hyper-responsive to endotoxic shock. This is likely due to unregulated production of
inflammatory cytokines in response to TLR activation in the absence of negative regulation (Chi
et al., 2006). The expression of DUSP1 may have a significant impact on the behaviour of iNKT
cels since TCR activation results in the activation of JNK, ERK, and p38 MAPKs (Liu et al.,
2007) and IFN-γ production is dependent on MAPK signalling, especially p38 MAPK (Rincón et
al., 1998; Badou et al., 2001). Moreover, IL-4 transcription is dependent on GATA-3
phosphorylation by p38 MAPK (Maneechotesuwan et al., 2007), and we observed significant
decreases in IFN-γ and IL-4 production together with sustained DUSP1 expression by ODN costimulated DN32.D3 cells.
Our experiments show that DN32.D3 cells cultured in the presence of the low doses (1 μM)
of p38 MAPK inhibitor, SB203580, had an increased production of IL-2. However, at higher
concentrations (10 or 20 μM) of SB203580, DN32.D3 cells demonstrated highly reduced IL-2
production. Stuart and colleagues in 2010 demonstrated that iNKT cell stimulation, as measured
by IL-2 production, was also enhanced in the presence of SB203580 at a concentration of 0.1 and
1 μM; however, the effects of higher concentrations were not investigated (Stuart et al., 2010). If
ODNs do indeed lead to increased dephosphorylation of p38 MAPK by increased DUSP1
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expression, it is possible that a certain threshold of p38 MAPK dephosphorylation is required in
order to observe the suppressive effects exerted by ODNs, since low level p38 MAPK blocking
appears to have an enhancing effect on iNKT cell activation. It may also be possible that higher
doses of SB203580 could have other negative effects on other cellular functions, affecting cell
growth and survival, or other off-target effects. Therefore, an alternative way should be
considered to confirm whether increased DUSP1 expression in iNKT cells co-stimulated with
ODNs results in the dephosphorylation of p38 MAPK.
Interestingly, TLR-mediated suppression of T cell activation is not novel and has been
previously reported in the context of murine colitis. It has been reported that TLR4-deficient
mice are more prone to develop colitis and further investigation revealed direct TLR4
stimulation of CD4+ T cells with LPS leads to decreased IFN-γ production and enhanced IL-17A
production. Furthermore, TLR4 activation of conventional CD4+ T cells was also shown to lead
to decreased phosphorylation of ERK as quickly as 15 minutes post-stimulation. It was
speculated that this occurred due to the up-regulation of DUSP6 (also known as MAPK
phosphatase (MKP)-3) expression (González-Navajas et al., 2010). In a similar fashion, it is
possible that TLR9 or some other DNA-sensing PRR could play a regulatory role in iNKT cells
by preventing the over-expression of cytokines such as IFN-γ and IL-4. Possible physiological
roles for ODN co-stimulation of iNKT cells have been not been investigated in depth due to the
much more apparent indirect effects that ODNs have upon iNKT cells through APC-expressed
TLR9 (Marschner et al., 2005; Tyznik et al., 2008; Paget et al., 2009). Nevertheless, the direct
effects of ODNs on iNKT cells could potentially affect their ability to rapidly produce significant
amounts of IL-4 and IFN-γ during the early stages of activation by promoting the expression and
function of MAPK phosphatases, such as DUSP1.
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Although CpG ODNs are the major ligands for TLR9, it cannot be ignored that the
suppressive effects of ODN co-stimulation could be TLR-independent. We observed suppressive
effects of both CpG and non-CpG ODNs when used to co-stimulate the iNKT cell hybridoma,
DN32.D3. Using a MyD88 inhibitor, PepinhMYD, we demonstrated that MyD88 dimerization
was dispensable for ODN-mediated inhibition of cytokine production. This raises the question of
what other sensors the cell may possess in order to respond to ODNs. Other DNA-sensing PRRs
have been described, including Z-DNA-binding protein 1 (ZBP1)/DNA-dependent activator of
IFN regulatory factors (DAI), absent in melanoma 2 (AIM2), or RNA polymerase III, all of
which are found in the cytosol (Ishikawa et al., 2009; Vilaysane and Muruve, 2009; Hornung and
Latz, 2010; Barber, 2011). Since we discovered that ODN-mediated suppression is not
completely dependent on CpG sequence motifs, it is possible that a DNA-sensing PRR which is
not sequence-specific could play a role in the inhibitory response of iNKT cells.
Indeed, conventional CD4+ T cells can be directly co-stimulated with both CpG and nonCpG ODNs in a TLR9- and MyD88-independent mechanism (Landrigan et al., 2011). However,
it still remains a challenge to identify which particular DNA sensors may be involved in the
response to ODNs in T cells. It also remains unclear as to how ODNs can enter the cytoplasm
from the extracellular space in this particular context. Furthermore, while non-CpG ODNs, such
as ODN 2395C, may be inert in relation to TLR9 in some contexts, it is possible that they exert
differential effects depending on the type of cell and its activation state.
Is it possible that ligation of non-TLR DNA-sensing PRRs can lead to the observed
suppressive phenomenon, including cytokine reduction, transcriptional inhibition, and upregulation of DUSP1? Given what is currently known about DNA-sensing PRRs, the answer
warrants further investigation. Activation of most non-TLR DNA sensing PRRs such as ZBP1
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and AIM2 is associated with a strong type I IFN response, rather than a directly inhibitory
response (Keating et al., 2011). One known exception is the DNA-binding protein, p202, which
has shown strong affinity for DNA in vitro and has demonstrated numerous inhibitory
characteristics, including the inhibition of NF-κB- and AP-1-controlled genes (Min et al., 1996).
p202 is expressed exclusively in the nucleus, which would require that CpG and non-CpG ODNs
be transported from the extracellular space to the nuclear space in order to encounter p202. To
elucidate which DNA sensors could be exposed to ODNs in the context of co-stimulation, it
would be possible to track the compartmentalization of CpG ODNs within the cell through the
use of FITC-labelled CpG ODNs.
ODNs have shown promise as antiviral or anti-cancer agents (Becker, 2005; Krieg, 2007;
Miyake and Fujisawa, 2008). However, the mechanisms which govern the outcome of direct
ODN treatment of iNKT cells not understood in detail. Since iNKT cells are powerful mediators
of the immune system, a deeper understanding of how they respond to the presence of ODNs is
critical to the design of safe and effective ODN-based immunotherapies. The possibility that
ODNs may be strongly inhibitory to iNKT cells warrants further investigation, including the
possible implications in vivo.
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Tables and Figures
Table 4. Sequences of ODNs used.
ODN
Sequence
5’-TCGTCGTTTTCGGCGCGCGCCG-3’
ODN 2395
5’-TGCTGCTTTTGGGGGGCCCCCC-3’
ODN 2395C
Table 5. Real-time PCR primer sequences for target genes
Target
Gene
TBP

NCBI Accession#

Forward Primer

Reverse Primer

NM_013684.3

5'-TGACCCCTATCACTCCTGCCACAC

5'-AACGCAGTTGTCCGTGGCTCTC

GAPDH

NM_008084.2

5'-CACTTGAAGGGTGGAGCCAAAAGG

5'-GTCATGAGCCCTTCCACAATGCC

DUSP1

NM_013642.3

5'-GAACTCGGCACATTCGGGACCA

5'-TACGCGCATGTCATCGGGAATGG

DUSP2

NM_010090.2

5'-CAGGTGCTGTGTCACTGAGGCAA

5'-AGCACCATATCAGAGCAGCCGTCA

DUSP10

NM_022019.5

5'-TAGCTGCTGCACTGTGGCAACC

5'-ACCATCTGGTTAGCAGGGCAGGT

SHP-1

NM_001077705.1

5'-AAAGTAAAGAAGCAGCGGTCGGCAG

5'-GAGGGCCACAGGTCTCAGTCTATCG

SHP-2

NM_011202.3

5'-GGCAGAAGTGTGGGCTCGTTCTAC

5'-CTCTCTGCTTCCTGTGCCCTCAAC

TRAF6

NM_009424.2

5'-TTGCTTTGCGTCCGTGCGATG

5'-CGTTTGAGCTCGCCCACGTACA

IL-2

NM_008366.3

5'-ACCCTTGCTAATCACTCCTCAC

5'-GCTGTTGACAAGGAGCACAAG

IL-6

NM_031168.1

5'-AGAAGGAGTGGCTAAGGACCA

5'-AACGCACTAGGTTTGCCGAG

IFN-γ

NM_008337.3

5'-AGACAATCAGGCCATCAGCA

5'-TGGACCTGTGGGTTGTTGAC

MHV-68
M2

NC_001826.2

5'-GACTTGGTACAGGACTCGGC

5'-CAAGTGCCATGTGATCAGCG
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Figure 9. Direct ODN-mediated suppression of cytokine production by iNKT cells.
ODNs suppress the production of IFN-γ (a) and IL-4 (b) in DN32.D3 cells. DN32.D3 cells were
stimulated with 100 ng/mL of immobilized anti-CD3 mAb with or without IFN-α and costimulated with PBS (none), R848, ODN 2395 (CpG), or ODN 2395C (CpGCx). Cell culture
supernatants were collected after 18 hours and IFN-γ and IL-4 were measured using ELISA. The
experiment was performed at least twice with samples run in triplicate. Data represent one
experiment. Each bar represents the mean value of three biological replicates. Error bars
represent the standard error of the mean. Statistical significance between groups was determined
using Student’s t-test. (*) indicates statistical significance compared to PBS-treated control
groups.
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Figure 10. Disruptive effects of ODN co-stimulation upon housekeeping gene expression.
DN32.D3 cells were stimulated with 100 ng/mL of immobilized anti-CD3 mAb with or without
IFN-α and co-stimulated with PBS, poly (I:C), R848, ODN 2395 (CpG), or ODN 2395C
(CpGCx) for 30 minutes, 2, 6, or 18 hours. Cells were collected at each time point and RNA was
extracted. cDNA was reverse transcribed from sample mRNA and amplified using real-time
PCR. Data are expressed as raw crossing point (Cp) data. A later (higher) crossing point value
indicates that more cycles of amplification were required to obtain detectable quantities of
cDNA; thus, starting quantities of cDNA were lower, indicating lower gene expression.
Experiment was performed at least twice with samples tested in triplicate. Data represent one
experiment.
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Figure 11. Effects of ODN co-stimulation on gene expression of phosphatases and
cytokines.
DN32.D3 cells were stimulated with 100 ng/mL of immobilized anti-CD3 mAb with or without
IFN-α and co-stimulated with PBS, poly (I:C), R848, ODN 2395 (CpG), or ODN 2395C
(CpGCx) for 0, 15, or 30 minutes, or 1 or 6 hours. Cells were collected at each time point and
RNA was extracted. cDNA was reverse transcribed from sample mRNA and amplified using
real-time PCR. Data is presented as target gene expression relative to the housekeeping gene,
TBP. The experiment was performed at least twice with samples tested in triplicate. Data shown
represent one experiment. Each bar represents the mean value of three biological replicates.
Error bars represent the standard error of the mean. (*) indicates statistical significance compared
to PBS-treated control groups within each time point.
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Figure 12. MyD88 inhibition does not fully reverse suppressive activity of ODNs on
DN32.D3 cells.
Prior to stimulation with anti-CD3 mAb and TLR ligands, DN32.D3 cells were pre-treated for 4
hours with 0 or 25 μM PepinhMYD MyD88 inhibitor, or 25 μM of PepinhC inhibitor control
peptide. Cells were then stimulated with 100 ng/mL of immobilized anti-CD3 mAb with or
without IFN-α and co-stimulated with PBS (none), R848, ODN 2395 (CpG), or ODN 2395C
(CpGCx). Cell culture supernatants were collected after 18 hours and IFN-γ was measured using
ELISA. The experiment was performed at least twice with samples tested in triplicate. Data
represent one experiment. Each bar represents the mean value of three biological replicates.
Error bars represent the standard error of the mean. Differences between groups were determined
using Student’s t-test. (*) indicates statistical significance compared to PBS-treated control
groups.
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Figure 13. Inhibitors of ERK and p38 MAPKs decrease IL-2 production similarly to ODNs.
Cells were treated with 200 ng/mL of α-GalCer, 10 μg ODNs, and PD98059 or SB203580 at the
indicated concentration in μM. Supernatants were collected after cells were incubated for 24
hours. IL-2 was measured by ELISA. Experiments were performed at least twice with samples
tested in triplicate. Data shown represent one experiment. Each bar represents the mean value of
three biological replicates. Error bars represent the standard error of the mean. Differences in IL2 production were analyzed using Student’s t-test. (*) indicates statistical significance compared
to PBS (ODN-negative) control groups (p < 0.05). (#) indicates statistical significance compared
to DMSO (MAPK inhibitor-negative) control groups (p < 0.05).
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Figure 14. Increased DUSP1 protein expression is associated with ODN co-stimulation of
DN32.D3 cells.
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DN32.D3 cells were stimulated with 100 ng/mL of immobilized anti-CD3 mAb with or without
IFN-α and co-stimulated with PBS, poly (I:C), R848, ODN 2395 (CpG), or ODN 2395C
(CpGCx) for 0, 1, 6, or 24 hours. Cell lysates were collected at each time point. Lysates from
LPS-stimulated RAW264.7 cells were included as a control. a. Protein samples were run on a
12% polyacrylamide gel and transferred to a PVDF membrane. The membrane was stained with
goat anti-mouse DUSP1 primary antibody, followed by rabbit anti-goat IgG-HRP. Membrane
was stained with ECL substrate and visualized by developing on x-ray film. b. ImageJ analysis
software was used to quantify staining intensity and calculate protein expression relative to
housekeeping protein, β-tubulin. c. Data from each TLR ligand-stimulated group were shown as
a percentage of relative protein expression of the PBS control group within each time point. This
experiment was performed twice. Data represent one experiment.
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Chapter IV: General Discussion
Research in the last two decades has identified TLRs as an important class of receptors
expressed by the cells of the innate immune system in recognizing ‘foreign’ signals and for the
preparedness of the first line of defense against invading microbial organisms. For years, it was
thought that the expression of TLRs was mostly limited to APCs; however, emerging evidence in
the recent years has shown TLR expression and function in conventional T cells. iNKT cells are
a unique subset of T cells that reside in the interface of the innate and adaptive lines of defense
that take part in an immediate anti-microbial response followed by bridging the innate defenses
to a more organized and systematic antigen-specific downstream responses. However, a great
deal of research is still lacking in regard to the expression and function of TLR in iNKT cells.
Therefore, the purpose of this thesis work was to investigate expression of TLR in iNKT cells
and evaluate the functionality of iNKT cells in response to ligation of TLRs by specific TLR
ligands.
Up until the time of writing, investigations into the TLR expression and function of human
Vα24-Jα18 iNKT cells have been unsuccessful in demonstrating a definitive role for their direct
stimulation through TLRs despite their expression of many TLR genes (Moreno et al., 2009). On
the other hand, in mice, TLR3 and TLR4 protein expression has been confirmed iNKT cells
(Gardner et al., 2010; Kim et al., 2012). In three different murine iNKT cell hybridomas, we
confirmed the expression of TLR2, 3, 4, 5, 7, and 9 mRNA. Using flow cytometry, we also
confirmed the inducible surface expression of TLR3 upon activation with either α-GalCer or
anti-CD3 mAb which was further enhanced with the addition of rIFN-α2. Furthermore, we
observed that various TLR ligands could be used to treat DN32.D3 cells pre-treated with antiCD3 mAb and rIFN-α2, resulting in enhanced cytokine expression and a TH1-biased response.
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The TLR genes found to be most highly expressed by the iNKT cell hybridoma cells were
the nucleic acid-sensing TLRs, including TLR3, TLR7, and TLR9, although TLR5 was also
expressed. This suggests that the TLRs expressed by iNKT cells may serve a significant role in
the response to intracellular bacterial or viral genetic material. DN32.D3 cells were responsive to
direct stimulation with poly (I:C), R848, ODN2395, and ODN2395C. Primary iNKT cells have
previously been reported to respond directly to poly (I:C) through TLR3 (Gardner et al., 2010);
however, our findings suggest that iNKT cells may also be responsive to direct stimulation with
TLR7 and TLR9 ligands as well. The present work demonstrates that IFN-α may play an
important role in the expression and function of TLRs by iNKT cells. Most studies which have
attempted to elucidate the role of TLRs in iNKT cells have concluded that their level of TLR
expression is minimal and insignificant in comparison to the effects of TLR expression and
function by APCs (Shimizu et al., 2002; Raftery et al., 2008; Moreno et al., 2009; Kulkarni et al.,
2012). However, our findings show that iNKT cells may enhance their TLR expression and
function considerably in the presence of IFN-α, and direct TLR stimulation may alter not only
the overall quantity of cytokines produced, but also the relative proportions of T H1- and TH2related cytokines.
Do ODNs have stimulatory or inhibitory effects on iNKT cells?
Out of the four TLR ligands we found to be stimulatory to DN32.D3 cells, the CpG ODN
2395 and non-CpG ODN 2395C affected DN32.D3 cells in two different ways, depending on the
timing of stimulation relative to TCR stimulation. We found ODN 2395 and ODN 2395C to
increase cytokine production when used to stimulate DN32.D3 cells pre-treated for 24 hours with
anti-CD3 mAb, but these same ODNs had strong inhibitory effects on cytokine production when
DN32.D3 cells were treated with anti-CD3 mAb and either ODN simultaneously (Figure 15).
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The results suggest that there could be two alternate modes of stimulation of iNKT cells with
ODNs, possibly through different receptors other than TLR9. This raises questions about the
implications of this differential activation, including what effects may occur in the more complex
in vivo environment.
We observed that the ODN-mediated suppression of DN32.D3 cells was related to a decrease
in MAPK phosphorylation as well as an increase in at least one MAPK phosphatase, DUSP1. It
would be beneficial to examine the phosphorylation of MAPKs when cells are pre-treated with
anti-CD3 mAb and rIFN-α2 followed by ODNs, since this mode of activation actually boosted
cytokine output.
Why do ODN 2395 and ODN 2395C both have similar effects on DN32.D3 cells?
Another phenomenon that we observed was the similar activity of both ODN 2395 and ODN
2395C. The TLR9 ligand ODN 2395 is a class C CpG ODN, which incorporates characteristics
of both class A and B CpG-containing ODNs. Class A ODNs have a phosphodiester palindromic
CpG-containing motif and have been shown to be strong stimulators of pDCs, resulting in potent
IFN-α secretion. Meanwhile, class B ODNs have a phosphorothioate backbone and have been
shown to be relatively weak IFN-α inducers and instead activate B cells through NF-κB
signalling. Class C ODNs possess structural characteristics of both class A (palindromic
sequence) and B (phosphorothioate backbone) ODNs and can induce IFN-α secretion by pDCs,
as well as activate B cells (Vollmer et al., 2004). However, this does not fully explain the
stimulatory activity of ODN 2395C which does have a phosphorothioate backbone, but does not
possess any CpG motifs. If the direct stimulation of iNKT cells by CpG ODNs is not dependent
on the presence of CpG motifs, then two possibilities exist. First, it is possible that TLR9 on
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iNKT cells can recognize non-CpG ODNs. Second, it may be possible that ODNs stimulate
iNKT cells through another DNA receptor.
Do CpG ODNs specifically activate TLR9?
Already, there have been some observations that non-CpG ODNs can be directly costimulatory to CD4+ T cells (Landrigan et al., 2011). It was found that this co-stimulatory
activity by both CpG and non-CpG ODNs was independent of both TLR9 and MyD88
expression. It is therefore possible that TLR9 signalling is also dispensable in iNKT cells in the
context of ODN co-stimulation. To our knowledge, there is no evidence that the TLR9 pathway
can be activated by non-CpG ODNs. In addition, our limited knowledge of other DNA sensors
suggests that they remain a possible target for CpG and non-CpG ODNs alike.
Might ODNs stimulate iNKT cells through other DNA receptors?
In an attempt to determine whether TLR9 expressed on iNKT cells was required for
recognition of non-CpG ODNs, we attempted to block TLR9 signalling using the MyD88
inhibitor peptide, PepinhMYD; however, the non-specific control peptide, PepinhC, had similar
effects to PepinhMYD. It is possible that DN32.D3 cells could have been activated by PepinhC,
despite its lack of specificity for MyD88, which would suggest that the increase in cytokine
production by PepinhMYD-treated cells was likely due to a mechanism unrelated to MyD88
dimerization and TLR9 signalling. Determination of the possible involvement of non-TLR9
mediated ODN-dependent activation of iNKT cells could be addressed through the use of TLR9deficient mice. TLR9 knockout (KO) mice are seemingly unresponsive to CpG DNA (Hemmi et
al., 2000). However, isolated TLR9-/- iNKT cells, like conventional CD4+ T cells, may be
responsive to co-stimulation with ODNs (Landrigan et al., 2011). Isolation of iNKT cells from
TLR9 KO mice could then be carried out and these TLR9 KO iNKT cells could be cultured in
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the presence of anti-CD3 mAb and ODN 2395 or ODN 2395C. If indeed other DNA receptors
are critical for the response to ODNs, then ODNs should be able to induce co-stimulatory
activity, even in TLR9-deficient iNKT cells. A similar approach was successfully employed by
Landrigan and colleagues, using both TLR9 KO and MyD88 KO conventional CD4+ T cells,
raising the possibility that other DNA receptors may be responsible for ODN co-stimulation of T
cells (Landrigan et al., 2011).
Once it is determined whether TLR9 is required for ODN co-stimulation of iNKT cells, there
will be an opportunity to explore possible alternative DNA sensors. Possible candidate DNA
receptors include AIM2, ZBP1, and RNA polymerase III (Takaoka et al., 2007; Ishikawa et al.,
2009; Barber, 2011; Keating et al., 2011). However, additional undescribed DNA receptors are
thought to exist, which makes identifying a single DNA receptor responsible for ODN costimulation of iNKT cells even more complex. It is more likely that a combination of DNA
sensors contribute to iNKT cell co-stimulation rather than a single DNA receptor. Since the
known DNA receptors appear to be expressed in the cytosol, ODNs in the cytosol could be
detected by innate DNA sensors. How extracellular ODNs can enter the cytosol is another
question that should be addressed, and it should be noted that TLR9-independent ODN costimulation appears to occur independently from the endosomal pathway (Landrigan et al.,
2011).
Limitations
An in vitro model with a theoretically homogeneous population of hybridoma cells presents
limitations, especially when used as a model for cells which are rarely found in such high
numbers and in such high purity in biological tissues, which is the case with naturally occurring
iNKT cells. iNKT cells comprise a very small portion of the total CD4+ T cell population, except
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in the murine liver and human omentum where they comprise up to 30% and 10% of total T
lymphocytes, respectively (Brennan et al., 2013). This presents a significant obstacle to
interpreting the results of such studies since iNKT cells are highly influenced by other cell types
within their biological environment and it is not yet clear if TLR co-stimulation would have any
noticeable effects amidst the numerous other stimulatory and inhibitory signals iNKT cells are
undoubtedly subject to. This is why most studies have focused on the role of APCs in their
ability to activate iNKT cells (Marschner et al., 2005; Paget et al., 2007; Tyznik et al., 2008).
Another limitation of the present studies is the use of iNKT cell hybridomas over primary
iNKT cells (Table 2). The DN32.D3 iNKT cell hybridoma, which has been used for the majority
of experiments in the present study, is a fusion between a murine Vα14-Jα18+ iNKT cell and a
TCRα-/β- BW5147 thymoma cell (immature T cell progenitor) (Lantz and Bendelac, 1994). The
resulting hybridoma contains genetic material from both fusion partners and there is no feasible
way to determine which genes originate from a particular fusion partner. iNKT cells are a subset
of T cells, so it is possible that most expressed genes between both partners would be similar.
However, there are likely to be mutations in the BW 5147 thymoma cell which deviate from a
conventional T cell, in addition to epigenetic differences which may also exist. To address this
problem, we repeated relative TLR gene expression experiments with two additional iNKT cell
hybridomas to DN32.D3, N38-2C12 and N38-3C3, which both share the same fusion partner as
DN32.D3 (Gui et al., 2001). We observed inducible TLR gene expression across all three iNKT
cell hybridomas; nevertheless, TLR expression needs to be examined in primary iNKT cells to
confirm the present findings. Primary iNKT cells could be purified from murine spleen or liver
and then stimulated with anti-CD3 mAb in combination with rIFN-α2. These cells could then be
stained with fluorescent antibodies specific to a variety of TLRs and then analyzed with flow
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cytometry. These TCR- and IFNAR-primed iNKT cells could also be stimulated directly with
TLR ligands so that their cytokine output could be measured by ELISA. However, the use of
primary cells also presents drawbacks compared to the biologically limited, but relatively clean
hybridoma model. For instance, one of the most reliable ways to isolate primary iNKT cells is
the use of α-GalCer-loaded CD1d tetramers, which can partially activate the TCR prior in the
process of isolating the cells or otherwise block further stimulation of the TCR during
experimentation. On the other hand, other markers used to identify iNKT cells are less stringent
(Berzins et al., 2005). For instance, a combination of anti-NK1.1 or anti-DX5 with anti-TCRαβ
can be used. However, some conventional T cells can express NK1.1 or DX5 under some
circumstances, especially virus-specific CD8+ T cells (Assarsson et al., 2000; Slifka et al., 2000).
This can lead contamination of isolated iNKT cell populations with NK1.1+ or DX5+
conventional T cells or CD1d-specific non-Vα14 “variant” NKT cells. In addition, since iNKT
cells appear to be highly sensitive to signals from other cell types, even small numbers of
contaminating APCs could profoundly impact studies designed to discern the direct effects of
TLRs on primary iNKT cells.
Future Directions
iNKT cells are versatile and potent mediators of the immune system. At the same time, their
invariant TCR means that they can be targeted specifically in immunotherapies. Thus, a greater
understanding of how iNKT cells can be activated is crucial to harnessing their vast
immunomodulatory potential. In order to add to the value of the present findings, this should be
explored in greater depth, particularly in the in vivo environment.
The present studies have shed some light on how iNKT cells might respond to various
nucleic acid PAMPs in a direct manner. However, much work remains to be done to answer
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whether direct activation of iNKT cells with TLR ligands is significant in the context of other
biological signals, such TCR ligands, interleukins, interferons, chemokines, as well as by
surface-expressed stimuli on neighbouring cells.
In order to determine the role of TLRs on iNKT cells in biological context, an adoptive
transfer model could be used. Purified iNKT cells from MyD88-/- mice, lacking MyD88dependent TLR signalling, could be adoptively transferred into Jα18-/- mice, which lack iNKT
cells (Cui et al., 1997; Kaisho and Akira, 2001). It would also be possible to use mice which are
deficient in specific TLRs, such as TLR2 or TLR9; however MyD88-/- mice are more widely
used and are well characterized (Komai-Koma et al., 2004). The resulting mouse would have
normal TLR expression in all cells, except iNKT cells, which are not capable of being activated
by most TLR ligands (Figure 16). A control mouse, also Jα18-/-, would receive MyD88+/+ iNKT
cells from a normal donor mouse. These mice could then be treated with α-GalCer and IFN-α
followed shortly afterwards by by TLR ligands and the serum could be collected for analysis
with ELISA. Alternately, iNKT cells could be purified from the spleen or liver and then stained
with anti-IFN-γ or anti-IL-4 for intracellular cytokine staining and analysis by flow cytometry. In
addition, these mice could be challenged with viral infection to determine the functional capacity
of iNKT cells to contribute to the response against pathogens such as MCMV or influenza A
virus. If a difference between MyD88-deficient and wild-type iNKT cells is observed, it could
demonstrate an important role for TLRs in molding the response of iNKT cells, making them a
valuable target for modulating the overall immune response.
iNKT cells are a fascinating cell type that showcase characteristics of the innate and adaptive
immune responses. As such, they present a unique opportunity to enhance our understanding of
how innate and adaptive responses interact with one another. Indeed, the possibilities for iNKT
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cell-based therapies are numerous due to their involvement in various diseases and conditions,
including cancer, hypersensitivity, autoimmunity, and microbial infection (O’Neill et al., 2009).
Therefore, gaining further understanding of the nuances of iNKT cell activation may bring us
incrementally closer to more precise and effective immunotherapies.
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Figures

Figure 15. DN32.D3 iNKT cell hybridomas respond differentially to TLR ligands,
depending on the timing of administration.
(A) Pre-treatment of DN32.D3 cells with a combination of anti-CD3 mAb and rIFN-α2 induces
TLR expression and primes them for TLR stimulation. These primed cells can then be cultured
with TLR ligands, resulting in increased cytokine output. (B) Simultaneous stimulation of
DN32.D3 cells with anti-CD3 mAb and either poly (I:C) or R848 leads to an increase in cytokine
gene expression production. However, simultaneous stimulation with anti-CD3 mAb and ODNs
lead to a suppression of cytokine production which may be also be related to increased DUSP1
expression.
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Figure 16. Adoptive transfer of MyD88-deficient iNKT cells into iNKT cell-deficient mice.
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