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Abstract

Numerical and functional defects of invariant natural killer T cells (iNKT) have been documented in human and mouse
cancers, resulting in a defect in IFN production in several malignancies. iNKT cells recognize glycolipids presented on CD1d
molecules by dendritic and related cells, leading to their activation and thereby regulating immune reactions. Activated
iNKT cells cytokine secretion and cytotoxicity can inhibit existing and spontaneous tumor growth, progression, and
metastasis. We have identified functional iINKT cell defects in the murine TRAMP prostate cancer model. We found that iNKT
cells show the ability to migrate into TRAMP prostate tumors. This infiltration was mediated through CCL2: CCR5
chemokine: receptor interaction. Prostate tumor cells expressing CD1d partially activated iNKT cells, as appreciated by up-
regulation of CD25, PD-1 and the IL-12R. However, despite inducing up-regulation of these activation markers and, hence,
delivering positive signals, prostate tumor cells inhibited the IL-12-induced STAT4 phosphorylation in a cell-cell contact
dependent but CD1d-independent manner. Consequently, tumor cells did not induce secretion of IFNy by iNKT cells.
Blocking the inhibitory Ly49 receptor on iNKT cells in the presence of a-GalCer restored their IFNy production in vivo and in
vitro. However, Ly49 blockade alone was not sufficient. Importantly, this defect could be also be reversed into vigorous
secretion of IFNy by the addition of both IL-12 and the exogenous CD1d ligand alpha-galactosylceramide, but not by IL-12
alone, both in vivo and in vitro. These data underscore the potential to optimize iNKT-based therapeutic approaches.
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Introduction

Invariant natural killer T (GINKT) cells are a subset of
lymphocytes with an important role in regulating immune
responses, including immune surveillance. iINKT cells recognize
lipid antigens presented by the monomorphic MHC-like molecule
CD1d. They were initially identified based on their restricted T
cell receptor repertoire used. The hallmark of INKT cells and basis
of their regulatory function is the rapid secretion of multiple
cytokines upon TCR triggering accompanied with an increased
cytotoxic capacity [1]. The cytokines secreted by iNKT cells
include both regulatory cytokines (e.g. IL-4, IL-10) as well as pro-
inflammatory cytokines such as IL-2, and IFNYy, reflecting their
capacity to suppress or stimulate immune responses [2]. Although
a panel of exogenous CD1d ligands including the prototypic high-
affinity lipid alpha-galactosylceramide (a-GalCer) have been
reported to date, the identity of physiological endogenous ligands
that mediate CDld-dependent iINKT cell activation remains
ambiguous [3]. While the function of iNK'T cells as positive or
negative regulators of immune responses has been widely
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acknowledged [2,4], the exact mechanisms polarizing their
effector functions are elusive.

Studies in multiple human cancers and animal models revealed
numerical and functional defects in INKT cells. Decreased
numbers of circulating iINKT cells were accompanied by a
decrease in IFNYy production by iNKT cells in advanced prostate
cancer and other cancers, concurrent with increased IL-4
production upon re-stimulation i vitro [5-9]. The activation of
iNKT cells with a-GalCer promotes tumor rejection and protected
from the development of metastasis in multiple mouse models and
injection of a-GalCer-pulsed DC further improves this effect
[10-12]. However, previous studies also showed that some CD1d-
restricted non-invariant NKT cells can suppress anti-tumor
responses [13].

The contribution of iINKT cells in immune surveillance is at
least partly based on their capacity to mature dendritic cells (DC)
and subsequently activate natural killer (NK) cells, the latter of
which become potent cytotoxic cells. Upon recognition of
CD1d:lipid complexes and the co-stimulatory molecules CD80/
86 on the surface of DCs, iNKT cells up-regulate the IL-12R and
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CD40L molecules. Subsequently and mediated by CD40L iNKT
cells then induce maturation and production of IL-12 in DCs. This
IL-12 release potently increases IFNy production by iNKT cells
[14,15].

IL-12 was initially described as a master regulator of Thl
responses [16], and, like o-GalCer, drives the anti-metastatic
activity of T cells including iNKT cells [10]. Several pre-clinical
and clinical trials using IL-12 have been conducted to improve
immunotherapy for cancers [17]. Whether defects of iNK'T cells
are mediated by intrinsic causes or by an impaired stimulatory
capacity of DC present in the tumor microenvironment is not
known. Moreover, it is not known whether DC and iNKT cells
undergo a sustained functional inhibition in tumors or whether
their functions can be restored by adjuvants like IL-12 @ vivo.

In this study we sought to establish a murine prostate cancer
model to study iNKT cell defects and determine if their functions
are inhibited by tumor cells. We found functional iNKT cell
defects in the prostate cancer model TRAMP (transgenic
adenomacarcinoma of the mouse prostate) resembling those
functional iNKT cell defects seen in human malignancies. iNKT
cells were attracted by tumor cells to migrate into prostate tumors
mediated through the CCL2-CCR5 axis. Both primary prostate
tumors as well as mouse and human CaP cell lines express high
levels of CD1d, permitting direct interaction with iNKT cells.

We found that prostate tumor cells induced the production of
Th2 cytokines by iNKT cells. These tumor cells and murine
prostate tumors specifically induced the up-regulation of activation
markers IL-12R, CD25 and PD-1 on iNKT cells. Parallel,
TRAMP-C2 cells cell-contact dependently blocked IL-12 mediat-
ed STAT4 phosphorylation in iNKT cells. This aberrant iNK'T
cell activation was correctable by simultaneous addition of the
exogenous CD1d ligand o-GalCer and IL-12, and allowed iNK'T
cells to produce IFNy in response to tumor cells. Blocking Ly49
inhibitory NK receptor also rescued the IFNy production of iNK'T
cells stimulated by TRAMP-C2 cells in the presence of a-GalCer.
Clonceivably, the restoration of the iNKT cell functions (e.g. IFNy
production) by addition of IL-12 or Ly49 neutralization provides a
tempting possibility for overcoming INKT cell defects in
malignancy.

Materials and Methods

Mice

C57Bl/6] were purchased from Jackson Laboratories (Bar
Harbor, MA). TRAMP mice were described previously [18]. For
experiments, 6- to 8-wk-old and 15- to 35-wk-old C57BL/6]J mice
and heterozygous TRAMP mice at 15 to 35 weeks of age were
used. All mice were housed in the specific pathogen-free animal
facility at Beth Israel Deaconess Medical Center. Animal
experiments were approved by the Institutional Animal Care
and Use Committee (protocol 075-2009).

Reagents

PBS57-loaded and empty CD1d monomers and tetramers were
provided by the NIH tetramer facility (Emory Vaccine Center,
Atlanta, GA). The following monoclonal antibodies (mAbs) and
secondary reagents were used: mouse CD1d PE (1B1), human
CDId PE (42.1), CD3 FITC, CD4-APC-Cy7, NK1.1 PE, purified
anti-CD16/32, CD69 PE-Cy7, CD212 biotin, purified anti-
CD16/32, streptavidin-APC-Cy7, were from BD Biosciences.
afTCR AlexaFluor700, PD-1 PE, CD25 PerCP-Cy5.5, I-A/I-E
Pacific Blue, purified anti-Ly49C/F/H/I were purchased from
eBioscience, anti-PD-L1 and Ly49C/F/1/H were purchased from
Biolegend and pSTAT#4 (Ser721) was purchased from Santa Cruz.
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Cell culture of TRAMP-C2

Cells were cultured in RPMI-1640 supplemented with Penicillin
and Streptomycin (Mediatech, Manassas, VA) and 5% FCS
(Hyclone, Logan, UT). The cell lines TRAMP-C2, DU145, PC3,
LNCaP and Hela were maintained in cell culture medium and
split using trypsin digestion when 80% confluence was reached.
The prostate epithelia PrEC were maintained in PrEGM Bullet
Kit medium (Cambrex, Charles City, IA) and split every 24 days
by brief trypsination.

Bone-marrow derived DC (BM-DC)

BM-DC were generated from wildtype (WT) mouse BM in the
presence of GM-CSF as described by Inaba et al. [19] with
modifications. Briefly, BM cells were cultured in complete medium
supplemented with 5% culture supernatants of GMCSF-produc-
ing B16F10 (kind gift of Dr. Dranoff, Dana-Farber Cancer
Institute, Boston, MA), replaced every other day until day 6 of
culture.

Spleen and liver preparations

Single cell suspensions from spleens were prepared by standard
techniques. Liver mononuclear cells (MNC) were isolated as
previously described [20] without prior Collagenase digestion. Briefly,
livers were perfused with PBS, minced and MNC were enriched by
centrifugation in a two-step (40%/ 60% (w/v) Percoll) gradient.
Enriched populations typically contained 20-30% iNKT cells.

Tumor-infiltrating lymphocytes (TIL)

Primary tumors of TRAMP mice were minced and digested for
1 hr at 37°C in complete medium with Collagenase (Stemcell
Technologies, Vancouver, BC, Canada), Hyaluronidase (10 U/
ml) and DNase I (10 pg/ml, Sigma-Aldrich, St.Louis, MO). TIL
were further enriched by Percoll centrifugation as described [20].

In vivo stimulation of iNKT cells

TRAMP or C57BL/6 mice were injected ip. with 2 ug a-
GalCer or vehicle (Tween-20). Blood was collected from sacrificed
mice by heart puncture at indicated timepoints and coagulated at
RT. Sera were collected after centrifugation at 400 xg for 10 min
and stored at —80°C until further analysis.

In vivo stimulation of iNKT cells

C57BL/6 mice were injected with 5x10° exponentially grown
TRAMP-C2 cells in PBS s.c. in both flanks. Two weeks later mice
were 1.p. injected with combinations of 150 pg Brefeldin A (Sigma-
Aldrich), 1 pg a-GalCer, and 500 ng recombinant mouse IL-12
(RndSystems). 5 hours later livers and spleen were taken and
immediately stored in ice-cold PBS.

Ex vivo stimulation of iNKT cells

iNKT cells from livers were stimulated in the presence of either
BM-DC or TRAMP-C2 cells (pulsed with a-GalCer or vehicle).
BM-DC or TRAMP-C2 cells were pulsed with a-GalCer (200 ng/
ml) for 3 hrs at 37°C and washed three times with medium.

ELISA

Cytokine-specific ELISA assays (eBioscience, San Diego, CA)
were performed following the manufacturers instructions. Sera
were diluted 1:10 in PBS/1% BSA.

Immunofluorescence and microscopy
TRAMP-C2 cells were cultured on cover slips overnight and
fixed using methanol/ aceton. Nonspecific binding was reduced
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with 1 pg/ml normal rat serum in PBS/1% BSA and stained with
DAPI and PE-conjugated anti-CD1d mAbs (BD Biosciences, San
Jose, CA) at 4°C. Imaging was performed using a Axiovert
microscope (Zeiss, Jena, Germany).

Flow cytometry

Subsequently to blocking with anti-CD16/32 mAbs cells were
stained with indicated mAbs and CD1d tetramers. Flow cytometry
was performed on a FACS LSR II (BD Biosciences, San Jose, CA).
Flow cytometry data were analyzed using FlowJo 8 (Treestar,
Ashland, OR).

Intracellular cytokine stainings

Spleen cells and liver MNC: were blocked with anti-CD16/32
mAbs, washed and stained using mAbs against afTCR, NKI1.1.
After washing cells were fixed for 15 mins. with 2% Paraformal-
dehyde in PBS. Cells were then permeabilized with 0.5% Saponin,
1% BSA in PBS for 15 mins. All further steps were carried out in
permeabilization buffer. Cells were washed and stained with mAbs
against IFNy, IL-4 or rat IgG1 isotype controls before two final
washes with permeabilization buffer and PBS, respectively.

A

Spleen

iNKT Cells and Prostate Cancer

Western Blot

Cell lysates were separated by SDS-PAGE (12.5%) under
reducing or non-reducing conditions as shown and subsequently
transferred to PVDF membranes, which were blocked with 5% milk
in TBS-T (TBS, pH 8.0, 0.1% Tween 20). The membranes were
then incubated with rat anti-mouse CD1d IgM (3C11) antibody
(1:1000 dilution) or rat anti-mouse CDI1d IgG HB323 (1 pug/ml;
kind gift of A. Bendelac) overnight at 4°C. Subsequently, the
membranes were washed and incubated with a secondary HRP
conjugated goat anti-rat IgM or anti-IgG antibody at 1:2000
(Pierce). Bands were visualized using enhanced chemiluminescence
(ECL, Amersham Biosciences).

Migration assay

Migration assays were performed in 24-well plates with 5 um
transwell inserts (Corning Costar). Liver MNC were pre-incubated
with anti-CCR) or isotype control mAbs (each 50 pg/ml) 15 min
before adding to transwell inserts (2.5x10*/well) and allowed for
3 hrs to migrate against TRAMP-C2 cells. Migrated non-adherent
cells were stained with PBS57-loaded CD1d tetramers and mAbs
against CD3, NK1.1, afTCR. 1x10* splenocytes loaded with
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Figure 1. Tumor-bearing TRAMP mice exhibit defective cytokine production in vivo by iNKT cells and DC, albeit harboring normal
iNKT cell frequencies. A. Cell suspensions of spleens and livers of WT and TRAMP mice were stained with mAbs against CD3, NK1.1 and PBS-57-
loaded CD1d tetramers and analyzed by FACS, identifying comparable numbers of iNKT cells. (n=5). B. TRAMP mice or age-matched C57BI/6 mice
were injected with a-GalCer. Mice were sacrificed 90 min (IL-4, IL-10) and 300 min later (IFNy, IL-12 p70) and cytokines determined by ELISA. (*, p,0.05,

*** p<<0.001, n.d, not detectable, n=3).
doi:10.1371/journal.pone.0011311.g001
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Figure 2. iNKT cells migrate into murine prostate tumors. A. WT splenocytes (row 1), TRAMP splenocytes (row 2), and TRAMP prostate-TIL
(row 3) were stained with indicated mAbs. CD45"MHC class Il cells (left) were gated and analyzed for the expression of CD69. B. Left: CCL2 content
in culture medium of TRAMP-C2 cells cultured overnight as measured by ELISA. Histograms: CCL2 expression in TRAMP-C2 cells (left) and primary
TRAMP tumor cells (right), (dashed lines: isotype controls). C. CCR5 expression on gated iNKT cells shown in A (dashed lines: isotype controls). D. Liver
IHL were incubated with medium, anti-CCR5 or isotype controls and allowed to migrate towards TRAMP-C2 or medium. Migrated iNKT cells were
quantified by flow cytometry. Data shown in A-C, and D are representative of 3 and 2 experiments, respectively.

doi:10.1371/journal.pone.0011311.g002

Indo-1 (Invitrogen, Carlsbad, CA) were added to samples and
analyzed by FACS. Numbers of migrated iNKT cells were
calculated using the formula:

YoIndo™ /%Indo— 1" cells x 10 /100 « %CD3* NK.I* CDId

—tetramer T afTCR™ .

Statistical analyses

Results are expressed as mean * SD. For statistical analyses the
One-way-ANOVA  with Newman-Keuls post-test was used.
Values of p<<0.05 were considered as significant. Data were
analyzed using Prism 5 (GraphPad, La Jolla, CA).

Results

Impaired iNKT cell cytokine responses in tumor-bearing
mice

We first sought to analyze whether prostate cancer-bearing mice
exhibit numerical and functional iNKT cell defects comparable to
those reported in cancer patients [6-9].

We quantitated iNKT cell frequencies from spleens and livers of
TRAMP and W control mice by flow cytometry (Fig. 1A). iNK'T
cells can be identified by their reactivity to CD1d tetramers loaded
with the a-GalCer analogue PBS57 [21]. Consistent with a previous
report [22], both groups of mice showed age-dependent increases in
liver iNKT cell frequencies. In addition, we observed age- but not
strain-dependent increases in absolute iNK'T cell numbers in livers
and spleens (data not shown). In contrast to humans where relative
large cohorts of cancer patients and healthy individuals have been
studied, in mice we found that tumor-bearing mice exhibited iNKT
cell frequencies comparable to age-matched WT mice (Fig. 1A).

To assess INKT cell function, WT and TRAMP mice were
injected with the exogenous CD1d ligand a-GalCer to activate iNKT
cells systemically. We then measured IFNy as a Thl cytokine, the
Th2 cytokines IL.-4 and IL-10, all of which are produced by iNKT
cells. Additionally, we measured IL-12, a product of DC. Upon
CDI1d:TCR interaction in WT mice DC are stimulated by iNKT
cells to produce IL-12 which in turn enhances the IFNy production of
iINKT cells. The injection of o -GalCer to WT mice resulted in
enhanced serum levels of IL-4 and IL-10 at 90 minutes after
activation. At 5 hrs after injection we detected high levels of IFNy
and IL-12 in the serum (Fig. 1B). TRAMP mice, however, showed
significantly reduced levels of IL-4, IL-10 and IFNy upon a-GalCer
administration. Concomitantly to the reduced IFNy levels in
TRAMP mice, IL-12 was undetectable upon a-GalCer administra-
tion. Collectively, these results show pronounced defects in the
cytokine production of both DC and iNKT cells in tumor-bearing
mice. This defect involved Th1 as well as Th2 cytokines.

CCR5-mediated iNKT cell migration into murine prostate
tumors

We next questioned whether iNKT cells infiltrate the primary
prostate tumors of TRAMP mice. TRAMP tumors were
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enzymatically dissociated and TILs were enriched by Percoll
density gradient centrifugation. To identify iNKT cells, we gated
on CD45"CD3"CDId tetramer® cells. As Fig. 2A shows, we
identified a distinct population of iNKT cells in the lymphocyte
infiltrate of TRAMP tumors (mean of 3.65%) comparable to
frequencies in the spleens of both groups (Fig. 1A). Based on results
shown in Fig. 1 spleens of both groups harbored similar
frequencies of iINKT cells. In contrast, we found a larger
population of iNKT cells among the lymphocytes in prostate
tumors compared to spleens, suggesting INKT cells are actively
recruited into these tumors.

The presence of iNKT cells in the tumor infiltrate prompted us
to ask whether the mouse prostate tumor cells attract iNKT cells.
Both murine and human iNKT cells express a chemokine receptor
repertoire indicative of preferential homing into peripheral non-
lymphoid tissues and to sites of inflammation [23,24]. Human
prostate tumors as well as well as primary prostate epithelial cells
(PrEC) are known to secrete the chemokine CCL2 (MCP-1)
[25,26]. The expression of CCL2 in mouse tumors and TRAMP
mice in particular is not known. CCL2 binds the two chemokine
receptors CCR5 and CCR2 which is expressed on iNKT cells
[24,27]. CCL2 has recently been shown to mediate iNKT cell
migration into human neuroblastoma [28].

We first tested whether mouse prostate tumors and the derived
cell line TRAMP-C2 secrete CCL2. TRAMP-C2 cells produce
CCL2 as appreciated by intracellular staining for CCL2 (Fig. 2B,
right) and secrete CCL2 (Fig. 2B. bar graph). Importantly, primary
tumors of TRAMP mice were found to produce CCL2 as shown
by flow cytometry (Fig. 2B, right histogram).

We hypothesized that the relative abundance of iNKT cells
among the TIL compared to spleen would be reflected in
preferential chemokine receptor expression. In contrast to spleens
of both groups the majority of iNKT cells in the prostate tumors
were found to express high levels CCR5 on their surface (Fig. 2C).
In contrast to CCR5 we did not observe a higher expression of
CCR2 on TIL-INKT cells (data not shown), excluding a critical
role of CCR2 in the migration of iNKT cells into tumors.

Employing a transwell migration system, we next asked whether
attraction of iNKT cells is mediated by CCR) (Fig. 2D). We found
that TRAMP-C2 cells producing CCL2 stimulated iNKT cell
migration through transwell membranes as compared to the
medium control. The pre-incubation of liver MNC with blocking
anti-CCR5 antibodies reduced the migration of iINKT cells to
background levels. Collectively, these data indicate the
CCL2:CCR5-mediated iNKT cell attraction by prostate tumor
cells and strongly suggest that CCR5 and CCL2 play critical roles
in iINKT cell migration into prostate tumors.

Murine prostate tumors express functional CD1d

CD1d is expressed primarily by hematopoetic cells [29,30], but
low levels of expression also have been found on hepatocytes and
intestinal epithelial cells [31,32]. With the exception of tumors
arising from naturally CD1d" tissues and cell types such as
lymphoid and myeloid neoplasm [33,34], the expression pattern of
CDld on malignant cells is largely unknown. The relative
abundance of iINKT cells in the TRAMP tumor led us to
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Figure 3. Prostate tumors, primary prostate epithelium, and prostate tumor cell lines express CD1d. A. Row 1: CD1d expression of
TRAMP-C2 cells (bold line) and WT splenocytes (thin line)(dashed line: isotype control), as analyzed by FACS. Top right: CD1d protein expression of
TRAMP-C2 cells as determined by Western Blot using rat-anti-mouse CD1d mAb (3C11). Row 2: Fluorescence micrographs show TRAMP-C2 cells
stained against mouse CD1d (left) and DAPI (center). B. CD1d expression of primary mouse prostate tumors. Contour plot: Gating of Gr-1~, MHC-
classll™ cells from CD45™ tumor cells. Histogram: CD1d expression on gated tumor cells stained against mouse CD1d (solid) or isotype control
(dashed line). C. CD1d expression in human CaP cell lines and primary prostate epithelium stained with human CD1d or isotype controls (dashed
lines). D. TRAMP-C2 cells express functional CD1d. TRAMP-C2 were pulsed with a-GalCer or vehicle, washed, loaded with anti-CD1d or isotype
control mAbs and incubated with DN32 iNKT hybridoma cells overnight. IL-2 in cell culture supernatants was measured by ELISA. Data shown are

representative of 3 experiments (**, P<0.005; ***, p<<0.001).
doi:10.1371/journal.pone.0011311.g003

investigate whether murine prostate cancer cells express CD1d
and can activate iNKT cells by CD1d-dependent mechanism.

TRAMP-C2 cells stained with CDIld-specific mAbs and
analyzed by flow cytometry showed clear CD1d surface expression
that was higher than expression on splenocytes used as positive
controls. The CD1d expression was further confirmed by Western
blot using the rat-anti mouse CD1d IgM clone 3C11 (a similar
staining was obtained using the rat anti-mouse CD1d IgG clone
HB323, data not shown) and fluorescence microscopy (Fig. 3A).
To assess CD1d expression by primary prostate tumor cells from
TRAMP mice were isolated by enzymatic dissociation and stained
with mAbs against lineage-markers CD45, Gr-1, MHC-II, and
CD1d. Gating on lineage marker-negative tumor cells revealed a
clear signal of CD1d expression (Fig. 3B).

To determine whether the CD1d expression on these T-antigen
induced prostate tumors would translate into human prostate
cancers, we tested a panel of human CaP cell lines. DU-145, PC3,
and LNCaP expressed CD1d on their surface compared to the
CD1d transfected cell line Hela (Fig. 3C). Significantly, also the
untransformed human prostate epithelial cells (PrEC) expressed
CD1d molecules. These results indicate that CD1d expression is
intrinsic to prostate epithelium and suggest that prostate tumors
can directly interact with iNK'T cells.

Whether the CDI1d expression on prostate tumor cells is
functional and can activate iNK'T cells was tested using the iNKT
cell hybridoma DN32. We used TRAMP-C2 cells pulsed with the
exogenous CD1d ligand a-GalCer to stimulate DN32 cells, which
secrete only IL-2 upon TCR ligation [35]. In the absence of a-
GalCer, TRAMP-C2 cells were not able to stimulate the DN32
cells, as seen by lack of IL-2 production (Fig. 3D, top bar). In
contrast, DN32 responded vigorously to TRAMP-C2 cells in the
presence of a-GalCer, which was specifically reduced by anti-
CD1d mAbs.

Murine prostate tumors defectively activate iNKT cells

Having demonstrated the functionality of CD1d expression on
TRAMP-C2 cells (Fig. 3D), we next asked which cytokine profile
these tumor cells stimulate in primary iNKT cells. We exposed
freshly isolated murine hepatic iNKT cells from healthy mice to
TRAMP-C2 cells alone, and examined their cytokine production.
BM-DC were used as positive controls for iNK'T cell stimulation.
As expected, iINKT cells produced high levels of both IL-4 and
IFNYy in response to a-GalCer-pulsed DC, and IFNy production
was dependent on o-GalCer (Fig. 4A). However, iNKT cells
produced IL-4, but no IFNY, in response to TRAMP-C2. Pulsing
TRAMP-C2 cells with a-GalCer increased the IL-4 expression by
iNKT cells to a magnitude comparable of BM-DC (Fig. 4A, bar 3).
This regimen, however, induced only marginal amounts of IFNy
from NKT cells.

These data prompted us to examine the of typical activation
markers on iINKT cells upon stimulation with TRAMP-C2 cells.
IL-12 mediates its effects by binding to a heterodimeric receptor
comprised of two chains, of which the Bl chain is up-regulated
during activation of conventional T cells and expressed at low

@ PLoS ONE | www.plosone.org

levels on resting iNK'T cells [36,37]. As shown in Fig. 4B, we
detected up-regulation of the IL-12RB1 chain 36 hrs after contact
with TRAMP-C2 cells. Importantly, exposure to TRAMP-C2
cells without addition of a-GalCer was sufficient to achieve this
effect. In contrast, DC, confirmed as superior iNKT cell
stimulators (Fig. 4A), led only to a small increase in IL-12RB1
expression on iNKT cells, whether or not in the presence of o-
GalCer (Fig. 4B).

Concomitantly, exposure to TRAMP-C2 cells (with and without
a-GalCer) increased expression of PD-1 on iNKT cells, whereas
BM-DC failed to induce this effect. iNKT cells express PD-1 upon
activation i vivo and can subsequently enter an anergic-like state
[38,39]. How PD-1 is regulated in vitro is unclear. Despite this clear
PD-1 upregulation, the IFN7y expression of iNK'T cells stimulated
with TRAMP-C2 cells was independent of interactions between
PD-1 and PD-LI1, which can be explained by the lack of PD-L1
expression by TRAMP-C2 cells (Figure S1). As expected, based on
responses to IL-12, IL-12RB1 was induced by o-GalCer pulsed
TRAMP-C2 cells (Fig. 4B). Interestingly, IL-12RP1 was also
induced by TRAMP-C2 cells without a-GalCer (Fig. 4B).

Phosphorylation of STAT4 transcription factor in position
Ser721 and Tyr693 is critical for IL-12R mediated signaling [40].
We tested whether preincubation of iNKT cells with TRAMP-C2
cells would block subsequent IL-12-mediated IL-12R signaling.
Liver MNC of healthy WT mice were co-cultured with TRAMP-
C2 cells and subsequently stimulated with IL-12 before STAT4
phosphorylation was examined by flow cytometry (Fig. 4C). IL-12
stimulation for 30 mins. resulted in the phosphorylation of STAT4
compared to un-stimulated control (MFI values 281 vs. 427). The
pre-incubation with TRAMP-C2 cells blocked the STAT4
phosphorylation in iNKT cells (MFI 264). Furthermore, we tested
whether this phosphorylation blockade was mediated by expres-
sion of CD1d on tumor cells or soluble mediators and co-cultured
iNKT cells with TRAMP-C2 in the presence of CD1d blocking
antibodies or separated by transwell membranes. Blocking of
CD1d on TRAMP-C2 cells using saturating amounts before and
during culture did not restore subsequent IL-12 mediated STAT4
phosphorylation (MFI 268). However, membrane separation
between TRAMP-C2 and iNKT cells was sufficient to restore
IL-12R signaling in iNKT cells, leading us to conclude that
TRAMP-C2 cells CDld-independently but cell-cell contact
dependently block IL-12R signaling in iNKT cells.

IL-12 and a-GalCer restore iNKT cell activation in

response to prostate tumor cells

In light of the IL-12R up-regulation observed in vitro (Iig. 4B),
we further characterized TIL-INKT cells present in TRAMP
tumors. Although we did not see any up-regulation of PD-1 or
CD25 molecules on iNKT cells in TRAMP mice (data not shown),
we consistently found strong up-regulation of IL-12RB1 on TIL-
INKT cells in tumor, but not from spleens, in both groups (Fig. 5A).
The up-regulation of IL-12RB1 was specific for iNKT cells, as it
was not detectable on conventional T cells (Fig. 5A), further
corroborating our hypothesis of CD1d-mediated iNKT cell partial
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expression of gated iNKT cells. C. Liver MNC were cultured overnight alone or in the presence of TRAMP-C2 cells, pretreated with saturating amounts
of anti-mouse CD1d blocking mAbs (3C11) or separated by 0.4 um transwell membranes. Cells were then stimulated for 30 mins. with 10 ng/ml rlL-
12, immediately fixed and stained with mAbs against «fSTCR and NK1.1. Cells were then permeabilized using methanol and intracellularly stained
against phospho-STAT4 (Ser721). Histograms show phospho-STAT4 staining of electronically gated NKT cells («TCR *NK1.1*) shown in left plot. Data

shown are representative results of two experiments.
doi:10.1371/journal.pone.0011311.9g004

activation. Additionally, iNKT cells present in TRAMP tumors
specifically expressed higher levels of the early activation marker
CD69 as compared to iNKT cells in spleens of both groups and
conventional T cells in all groups (Fig. 5A).

It has been well documented that IL-12 is an adjuvant for the
IFNy production by iNKT cells [41,42]. The observed up-
regulation of the IL-12R led us to determine whether addition
of IL-12 induces IFNy production of iNKT cells in response to
TRAMP-C2 cells. Freshly isolated iNKT cells from healthy
mice were co-cultured in the presence of TRAMP-C2 cells or
BM-DC with addition of IL-12. Similar to results seen in
Fig. 4A, in the absence of a-GalCer, DC stimulated modest
production of IL-4, but not IFNy, from iNKT cells (Iig. 5, bar
1). The addition of IL-12 enhanced IFNy production of iNKT
cells (Fig. 5B, bar 2), as previously described [42]. Furthermore,
a o-GalCer pulsed DC induced secretion of IL-2, IL-4, and
IFNy by iNKT cells.

Corroborating with the results shown in Fig. 4, TRAMP-C2
cells without addition of a-GalCer stimulated IL-4 production in
INKT cells, but were not sufficient to induce IFN7y responses
(Fig. 5A, bar 5). Furthermore, TRAMP-C2 cells did not induce IL-
2 responses by iNKT cells. Upon pulsing with o-GalCer,
TRAMP-C2 cells induced a significantly higher IL-2 and IL-4
production, but only minimal amounts of IFNy in iNKT cells
(Fig. 5B, bar 7).

When adding IL-12 to stimulations of iNKT cells by TRAMP-
C2 cells, we observed significant albeit minimal levels of IFNy
produced by iNKT cells (Fig. 5B, bar 6). The addition of IL-12 to
a-GalCer-pulsed TRAMP-C2 as stimulators was sufficient to
induce a significant production of IFNy in iNK'T cells. These data
were corroborated by intracellular cytokine staining performed on
in vivo activated NK1.1" cells isolated from hosts of subcutaneous
TRAMP-C2 tumors. TRAMP-C2 cells were s.c. injected into WT
C57BL/6 mice. Two weeks after tumor seeding iNK'T cells were
activated by i.p. injections of 1 pg a-GalCer with or without
500 ng IL-12. To inhibit cytokine export from cells, mice received
mjections of Brefeldin-A five hours before liver MNC (Fig. 5C) and
spleen cells (data not shown) were isolated and stained for flow
cytometry. Injection of o-GalCer into untreated WT mice
stimulated iINKT cells to production of both IFNy and IL-4.
Comparable to in vitro stimulation data (Fig. 5B), iNK'T cells from
liver and spleen of TRAMP-C2 injected animals produced IL-4
but not IFNy in response to a-GalCer (Fig. 5C; not shown). The
simultaneous injection of IL-12 and o-GalCer did restore the
ability to produce IFNy. Comparable data were obtained after
injecting tumor-bearing TRAMP mice with a-GalCer with and
without the addition of recombinant IL.-12 showing a significant
increase of IFNYy serum levels in response to a-GalCer and 1L-12
compared to a-GalCer alone (Fig. 5D).

These data show that TRAMP-C2 cells stimulate iNKT cells to
produce IL-4 but not IFNy, which could not be stimulated by
addition of a-GalCer. The addition of both high-affinity CD1d
agonist a-GalCer and the adjuvant IL-12 were required to induce
IFNy production in iNKT cells in vitro and in vivo. IL-12
injection concomitant to o-GalCer stimulation reversed the
systemic INKT defects TRAMP-C2 cells induced and restored
the activation of iNKT cells.

@ PLoS ONE | www.plosone.org

iNKT cells express both activating and inhibitory NK-like
receptors including Ly49 receptor types recognizing MHC class I
molecules. Subtypes C, I, and F of the Ly49 receptor contain
ITIM motif in the cytoplasmic domain and thereby suppress
positive signals exerted by cytokine and other receptors [43].
MHC class I staining of TRAMP-C2 cells revealed the expression
of MHC class I on the surface (Fig. 6, histogram) which is
supported with earlier of TRAMP-C2 cells as MHC class I low
expressing cells [44]. To address a conceivable negative effect of
mhibitory Ly49 receptors expressed on iINKT cells, Ly49
expression on iINKT cells was blocked. iNK'T cells were then
stimulated with a-GalCer pulsed (or untreated) TRAMP-C2 cells
in the presence or absence of IL-12 and IFNYy secretion measured
by ELISA. Confirming data shown in Fig. 5 both a-GalCer and
were required for IFNy production in iNKT cells stimulated by
TRAMP-C2. Blockade of Ly49 expression on iNKT cells during
cocultures with untreated TRAMP-C2 cells did not elicit any
detectable IFNy production (Fig. 6, bar graph). Blockade of
Ly49C/F/1/H receptors on liver MNC during co-incubation with
TRAMP-C2 cells in the presence of exogenous IL-12 restored
IFNY secretion to levels comparable those observed after co-
incubation with a-GalCer loaded TRAMP-C2 cells and IL-12.

To confirm a role of Ly49 receptors in vivo, we injected TRAMP
mice with Ly49 antibodies before iNKT cells were activated by o-
GalCer administration. Comparable to @ vitro results (Fig. 6, upper
graph), Ly49 blockade significantly increased IFNy serum levels
elicited by a-GalCer administration. This suggests a role for NK-
like inhibitory receptors in iNK'T cell defects. Comparable IFNy
levels were also induced by simultaneous injection of a-GalCer
and IL-12 (Fig. 5D).

Collectively, these data indicate that murine prostate tumor cells
induce a partial activation state in iNKT cells characterized by
STAT4 phosphorylation blockade. Although iNKT cells in this
state up-regulate the IL-12R, they are unable to respond to I1L-12
in the absence of high affinity ligand. iNKT cell defects were
apparently at least partially mediated by MHC-1/Ly49 interaction
between prostate tumor and iINKT cells.

Discussion

Systemic numerical and functional iNK'T cell defects have been
observed in cancer patients. iNK'T cells of cancer patients showed
a significant reduction of IFNy in response to TCR-mediated
activation i vitro [5-9]. The mechanism(s) underlying the resulting
INKT cell defects remain obscure. We sought to develop a suitable
mouse model to investigate such. In the TRAMP mouse prostate
tumor model, we found INKT cells from cancer-bearing mice
exhibit functional defects similar to those observed in humans.
Specifically, upon activation with the CDIld ligand o-GalCer,
iNKT cells from tumor-bearing mice exhibited a diminished
production of both Th2 cytokines and IFNy. In addition, DCs
from these mice did not produce IL-12 upon interaction with
iINKT cells. These data are supported by a recent study of Bellone
et al. who reported a defective production of IFNy and IL-4 of
TRAMP mice in response to a-GalCer [3].

We characterized the interaction of iNKT cells from TRAMP
mice ex viwo compared to INK'T cells from healthy mice with the
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experiments. B. Liver MNC were cultured in the presence or absence of IL-12 with TRAMP-C2 or DC pulsed with o-GalCer or vehicle for 24 or 48 hrs.
Cell culture supernatants were tested for cytokine secretion by ELISA. Data shown are representative of 3 experiments (¥, P<<0.05; ***, p<<0.001; n.s.,
not significant). C. WT C57BL/6 mice were injected with TRAMP-C2 cells s.c. or left untreated. Two weeks thereafter, mice were injected with 150 ug
Brefeldin-A and 1 ng a-GalCer with or without IL-12. Five hours later, spleen cells were stained with mAbs against afTCR and NK1.1, followed by
permeablization and subsequent intracellular staining with mAbs against IL-4, IFNy, or rat I1gG isotype controls. Histograms show total cytokine
expression of gated NK1.17 cells. D. Tumor-bearing TRAMP mice were i.p. injected with a-GalCer with or without recombinant IL-12. IFNy levels from

sera taken 90 mins later were determined by ELISA (n=3, *, p<<0.05).
doi:10.1371/journal.pone.0011311.g005

murine tumor cell line TRAMP-C2. TRAMP-C2 cells, human
CaP lines and primary TRAMP tumors expressed CDld.
TRAMP-C2 cells activated iNKT cells from healthy mice in a
CD1d-dependent fashion to produce IL-4, but not IFNy. These
findings prompted us to hypothesize that these tumor cells may
aberrantly activate iNKT cells. TRAMP-C2 cells induced the
expression of the activation markers CD25, PD-1 and IL-12Rp1
on iINKT cells. It should be stressed that TRAMP-C2 tumor cells
activated iINKT cells without addition of the exogenous ligand o-
GalCer. This is corroborated by our findings that TRAMP-C2
cells induced the secretion of IL.-4, but not IFNYy. Production of IL-
4 has been shown to occur independently of co-stimulatory
molecules presented by CD1d* DC, whereas the production of
IFNy is enhanced by IL-12 produced by DC [15]. Importantly,
while iINKT cells up-regulated the IL-12R in response to
TRAMP-C2 cells, the addition of IL.-12 alone was not sufficient
to stimulate their IFNy production. Additionally, TRAMP-C2
cells blocked STAT4 signaling downstream of the IL-12 receptor.
Phosphorylation in residues Ser721 and Tyr693 is critical for
transactivation of STAT4 [40]. This inhibition was cell-cell
contact dependent. The lack of effect of saturating amounts of
blocking CD1d antibody strongly suggests IL-12R inhibition is
independent of CD1d expression on TRAMP-C2 cells. This is
corroborated by the inhibitory effect of Ly49 on NKT cells during

culture with a-GalCer loaded TRAMP-C2 cells and in tumor-
bearing TRAMP mice i vivo.

The functional inhibition of IFN7y production was reversible by
the simultancous addition of both IL-12 and the high-affinity
ligand a-GalCer, thus showing that tumor cells reversibly inhibit
iNKT cells. This inhibition can be overcome by addition of strong
TCR signals, such as provided by the high affinity ligand o-
GalCer (Fig. 6). Our further results suggest inhibitory Ly49
receptors play a role in the observed iNKT cells defects. TRAMP-
G2 cells express MHC class I molecules at low levels, thus
providing a potential explanation for our findings that Ly49
blockade alone does not completely rescue the IFNy production,
but still requires the presence of a-GalCer as a high-affinity ligand
for CD1d. In the absence of a-GalCer TRAMP-C2 were able to
stimulate the production of IL-2 in DN32 and IL-4 in iNKT cells.
Further studies will be needed to elucidate the identity of the
CD1d ligand expressed by TRAMP-C2 cells.

Additionally, we show that subcutaneously injected TRAMP-
C2 cells inhibit iNKT cells systemically to ip. injection of a-
GalCer, which was reversible by simultaneous administration of a-
GalCer and IL-12. Similar effects were obtained by blockade of
mhibitory Ly49 receptors in TRAMP mice. Since free injected o-
GalCer injected i vivo binds DCs and other APC, we conclude
that TRAMP-C2 tumors systemically inhibit the response of
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loading IL-12  Ly49
4 = + =
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] - - + *%
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Figure 6. Ly49 blockade concomitant with o-GalCer restores IFNy production in iNKT cells. A. Liver MNC were cultured with a-GalCer
loaded or unloaded TRAMP-C2 cells in the presence or absence of exogenous IL-12 and upon blocking with Ly49C/F/H/I molecules on iNKT cells as
indicated. Cell culture supernatants were tested for cytokine secretion by ELISA. Histogram shows MHC- (H2-Kb) expression on TRAMP-C2 cells (solid
line) or WT C57BI/6 DC (bold line), isotype controls (dashed line). B. Tumor-bearing TRAMP mice were i.p. injected with each 50 uG anti-Ly49C/F/H/I
mAbs 18 h and 2 hours before 2 uG a-GalCer was injected i.p. Graphs shows IFNy serum levels (n =3, p<<0.05).
doi:10.1371/journal.pone.0011311.9g006

). PLoS ONE | www.plosone.org 11 June 2010 | Volume 5 | Issue 6 | e11311



A

.\H'\.

.

 bumor coll )
MHC | ." "cmu
1 ]
¥
Lyaq ' ﬂ TCR
.l'..

",

iLiam e - e 1L L1281t
e ——— =
NKT cell

iNKT Cells and Prostate Cancer

“.  hemorcell T

o Lp

L1z @ D == = i1y

co1d
E}-:-{-ﬂll:nr

IR

INKT call
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iNKT cells to a-GalCer mediated activation by other cells. The
lack of cell-contact between subcutaneous TRAMP-C2 and
splenic iNKT cells suggests this inhibition is mediated by soluble
factors. Systemic APC defects in iNKT cell presentation in cancer
patients and rodent tumor models have been reported [45].

We conclude from these findings that tumor cells directly block
the production of IFNY cytokines in iNKT cells. iNKT cells may
store cytokine mRNA, allowing them to respond rapidly upon
TCR-mediated activation [46]. Thus, it is conceivable that prostate
tumor cells, in addition to CD 1d-mediated signals activating iNK'T
cells deliver additional signals that block the translation or export of
IFNYy in iNKT (Fig. 7). Whether the IFN7y blockade is mediated by
tumor-derived soluble factors is currently not known.

These n vitro findings are further corroborated by our ex vivo
data showing the expression IL-12RB1 and CD69 on iNKT cells
in TRAMP prostate tumors. Despite the high expression of CD69,
TIL-INKT cells did not express CD25, which upon activation is
expressed at later timepoints compared to CD69. Whether this is
due to a higher turnover of TIL-INKT cells in the tumor by
apoptosis, remains to be clarified. Future experiments will be
needed to investigate whether the aberrant activation of iNKT
cells seen in murine prostate tumors can be observed in advanced
prostate cancer patients Notably, like human prostate tumors and
CaP cell lines [25,26], TRAMP prostate tumor cells secrete high
amounts of the chemokine CCL2 and attracted iNK'T cells into
the TME without detectable depletion of iINKT cells elsewhere.
This argues for a higher turn-over rate. Specifically, only iNKT
cells in the prostate tumors but not spleens of tumor-bearing mice
(or control mice) showed an activated phenotype. This suggests
that the local presence of tumor cells is required for this effect.

In conclusion, by using the T-antigen induced prostate cancer
TRAMP mouse, whose disease resembled features of human PCa
disease, we developed a suitable model to study iNK'T cell defects
and their reversion. We show that prostate tumor cells, induce a
novel and partial activation state in iNKT cells. Concomitantly,

References

1. Bendelac A, Savage PB, Teyton L (2007) The biology of NKT cells. Annu Rev
Immunol 25: 297-336.

@ PLoS ONE | www.plosone.org

12

prostate tumor cells directly inhibit secretion of IFNYy as a effector
function in iNKT cells. This effect was resistant to IL-12. The
correction of these iNKT cell defects by CD1d ligand a-GalCer
with IL-12 might support future development of IL-12R and
iNKT-targeted therapeutic approaches.

Supporting Information

Figure S1 PD-L1 blockade does not restore TRAMP-C2
mediated IFNy secretion in iNKT cells. TRAMP-C2 cells were
loaded with a-GalCer vigorously washed and incubated with anti-
PDLI mAbs or isotype controls before freshly isolated liver MNC
prestained with mAbs against affTCr and NK1.1 were added as
responder cells. Cocultures were carried out in the presence of
Brefeldin A for 6 hours before intracellular IFNYy staining was
performed. Data shown are of iINKT cells gated as
afTCR+NKI.1+ cells. Results shown are representative of two
experiments. Bottom right histogram: TRAMP-C2 cells do not
express PD-L1. TRAMP-C2 cells (bold line) or BM-DC (dashed
line) were stained with anti-PD-L1 TRAMP-C2or rat IgG2b
isotype control mAbs (dotted line), followed by anti-rat IgG FITC
mAbs and analyzed by FACS.

Found at: doi:10.1371/journal.pone.0011311.s001 (1.32 MB EPS)

Acknowledgments

We thank Dr. Bettina Jux for critically reading this manuscript and fruitful
discussions and Dr. Glenn Dranoft for the B16F10-GMCSF transfectants.
Dr. A. Bendelac kindly provided the CD1d mAb HB323.

Author Contributions

Conceived and designed the experiments: MN SPB ME. Performed the
experiments: MN ATK. Analyzed the data: MN SPB ME. Contributed
reagents/materials/analysis tools: MA IGHSW MGS. Wrote the paper:
MN.

2. Nowak M, Stein-Streilein J (2007) Invariant NKT cells and tolerance. Int Rev
Immunol 26: 95-119.

June 2010 | Volume 5 | Issue 6 | €11311



20.

21.

22.

23.

. Parekh VV, Wilson MT, Van Kaer L (2005) iNK'T-cell responses to glycolipids.

Crit Rev Immunol 25: 183-213.

. Matsuda JL, Mallevaey T, Scott-Browne ], Gapin L (2008) CD1d-restricted

iNKT cells, the ‘Swiss-Army knife’ of the immune system. Curr Opin Immunol
20: 358-368.

. Bellone M, Ceccon M, Grioni M, Jachetti E, Calcinotto A, et al. (2010) iNKT

cells control mouse spontaneous carcinoma independently of tumor-specific
cytotoxic T cells. PLoS One 5: €8646.

. Tahir SM, Cheng O, Shaulov A, Koezuka Y, Bubley GJ, et al. (2001) Loss of

IFN-gamma production by invariant NK T cells in advanced cancer. J Immunol
167: 4046-4050.

. Dhodapkar MV, Geller MD, Chang DH, Shimizu K, Fujii S, et al. (2003) A

reversible defect in natural killer T cell function characterizes the progression of
premalignant to malignant multiple myeloma. J Exp Med 197: 1667-1676.

. van der Vliet HJ, Molling JW, Nishi N, Masterson AJ, Kolgen W, et al. (2003)

Polarization of Valpha24+Vbetal 1+ natural killer T' cells of healthy volunteers
and cancer patients using alpha-galactosylceramide-loaded and environmentally
instructed dendritic cells. Cancer Res 53: 4101-4106.

. Molling JW, Kolgen W, van der Vliet HJ, Boomsma MF, Kruizenga H, et al.

(2005) Peripheral blood IFN-gamma-secreting Valpha24+Vbetall+ NKT cell
numbers are decreased in cancer patients independent of tumor type or tumor

load. Int J Cancer 116: 87-93.

. Cui J, Shin T, Kawano T, Sato H, Kondo E, et al. (1997) Requirement for

Valphal4 NKT cells in IL-12-mediated rejection of tumors. Science 278:
1623-1626.

. Motohashi S, Nakayama T (2008) Clinical applications of natural killer T' cell-

based immunotherapy for cancer. Cancer Sci 99: 638-645.

. Fujii S, Shimizu K, Kronenberg M, Steinman RM (2002) Prolonged IFN-

gamma-producing NKT response induced with alpha-galactosylceramide-
loaded DCs. Nat Immunol 3: 867-874.

. Moodycliffe AM, Nghiem D, Clydesdale G, Ullrich SE (2000) Immune

suppression and skin cancer development: regulation by NKT cells. Nat
Immunol 1: 521-525.

. Kitamura H, Iwakabe K, Yahata T, Nishimura S, Ohta A, et al. (1999) The

natural killer T (NKT) cell ligand alpha-galactosylceramide demonstrates its
immunopotentiating effect by inducing interleukin (IL)- 12 production by
dendritic cells and IL-12 receptor expression on NKT cells. ] Exp Med 189:
1121-1128.

. Hayakawa Y, Takeda K, Yagita H, Van Kaer L, Saiki I, et al. (2001) Differential

regulation of Thl and Th2 functions of NKT cells by CD28 and CD40
costimulatory pathways. ] Immunol 166: 6012-6018.

. Manetti R, Parronchi P, Giudizi MG, Piccinni MP, Maggi E, et al. (1993)

Natural killer cell stimulatory factor (interleukin 12 [IL-12]) induces T helper
type 1 (Thl)-specific immune responses and inhibits the development of IL-4-
producing Th cells. J Exp Med 177: 1199-1204.

. Cocco C, Pistoia V, Airoldi T (2009) New perspectives for melanoma

immunotherapy: role of IL-12. Curr Mol Med 9: 459-469.

. Greenberg NM, DeMayo F, Finegold MJ, Medina D, Tilley WD, et al. (1995)

Prostate cancer in a transgenic mouse. Proc Natl Acad Sci U S A 92:

3439-3443.

. Inaba K, Inaba M, Romani N, Aya H, Deguchi M, et al. (1992) Generation of

large numbers of dendritic cells from mouse bone marrow cultures supplement-
ed with granulocyte/macrophage colony-stimulating factor. J Exp Med 176:
1693-1702.

Beldi G, Wu Y, Banz Y, Nowak M, Miller L, et al. (2008) Natural killer T cell
dysfunction in CD39-null mice protects against concanavalin A-induced
hepatitis. Hepatology 48: 841-852.

Sidobre S, Kronenberg M (2002) CD1 tetramers: a powerful tool for the analysis
of glycolipid-reactive T' cells. ] Immunol Methods 268: 107-121.

Shi M, Bi X, Xu S, He Y, Guo X, et al. (2005) Increased susceptibility of
tumorigenicity and decreased anti-tumor effect of DC vaccination in aged mice
are potentially associated with increased number of NK1.1+CD3+ NKT cells.
Exp Oncol 27: 125-129.

Kim CH, Johnston B, Butcher EC (2002) Trafficking machinery of NK'T cells:
shared and differential chemokine receptor expression among Valpha24+
Vbetal 1+ NKT cell subsets with distinct cytokine-producing capacity. Blood
100: 11-16.

. Thomas SY, Hou R, Boyson JE, Means TK, Hess C, et al. (2003) CD1d-

restricted NKT cells express a chemokine receptor profile indicative of Thl-type
inflammatory homing cells. J Immunol 171: 2571-2580.

@ PLoS ONE | www.plosone.org

13

25.

27.

28.

29.

31

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

46.

iNKT Cells and Prostate Cancer

Lu Y, Cai Z, Galson DL, Xiao G, Liu Y, et al. (2006) Monocyte chemotactic
protein-1 (MCP-1) acts as a paracrine and autocrine factor for prostate cancer
growth and invasion. Prostate 66: 1311-1318.

5. Mazzucchelli L, Loetscher P, Kappeler A, Uguccioni M, Baggiolini M, et al.

(1996) Monocyte chemoattractant protein-1 gene expression in prostatic
hyperplasia and prostate adenocarcinoma. Am J Pathol 149: 501-509.

Luther SA, Cyster JG (2001) Chemokines as regulators of T cell differentiation.
Nat Immunol 2: 102-107.

Metelitsa LS, Wu HW, Wang H, Yang Y, Warsi Z, et al. (2004) Natural killer T
cells infiltrate neuroblastomas expressing the chemokine CCL2. J Exp Med 199:
1213-1221.

Park SH, Roark JH, Bendelac A (1998) Tissue-specific recognition of mouse
CDI molecules. J Immunol 160: 3128-3134.

. Roark JH, Park SH, Jayawardena J, Kavita U, Shannon M, et al. (1998) CD1.1

expression by mouse antigen-presenting cells and marginal zone B cells.
J Immunol 160: 3121-3127.

Bleicher PA, Balk SP, Hagen SJ, Blumberg RS, Flotte TJ, et al. (1990)
Expression of murine CD1 on gastrointestinal epithelium. Science 250:
679-682.

Mandal M, Chen XR, Alegre ML, Chiu NM, Chen YH, et al. (1998) Tissue
distribution, regulation and intracellular localization of murine CD1 molecules.
Mol Immunol 35: 525-536.

Metelitsa LS, Weinberg KI, Emanuel PD, Seeger RC (2003) Expression of
CD1d by myelomonocytic leukemias provides a target for cytotoxic NKT cells.
Leukemia 17: 1068-1077.

Fais F, Morabito F, Stelitano C, Callea V, Zanardi S, et al. (2004) CDI1d is
expressed on B-chronic lymphocytic leukemia cells and mediates alpha-
galactosylceramide presentation to natural killer T lymphocytes. Int J Cancer
109: 402-411.

Brutkiewicz RR, Bennink JR, Yewdell JW, Bendelac A (1995) TAP-
independent, beta 2-microglobulin-dependent surface expression of functional
mouse CD1.1. J Exp Med 182: 1913-1919.

Watford WT, Moriguchi M, Morinobu A, O’Shea JJ (2003) The biology of IL-
12: coordinating innate and adaptive immune responses. Cytokine Growth
Factor Rev 14: 361-368.

Reddy M, Wong J, Davis C, Prabhakar U (2005) Co-expression of 1L-12
receptors along with CXCR3 and CD25 on activated peripheral blood T
lymphocytes. Cell Immunol 236: 123-130.

Parekh VV, Lalani S, Kim S, Halder R, Azuma M, et al. (2009) PD-1/PD-L
blockade prevents anergy induction and enhances the anti-tumor activities of
glycolipid-activated invariant NKT cells. J Immunol 182: 2816-2826.

Chang WS, Kim JY, Kim YJ, Kim YS, Lee JM, et al. (2008) Cutting edge:
Programmed death-1/programmed death ligand 1 interaction regulates the
induction and maintenance of invariant NKT cell anergy. J Immunol 181:
6707-6710.

Darnell JE, Jr., Kerr IM, Stark GR (1994) Jak-STAT pathways and
transcriptional activation in response to IFNs and other extracellular signaling
proteins. Science 264: 1415-1421.

Yang YF, Tomura M, Ono S, Hamaoka T, Fujiwara H (2000) Requirement for
IFN-gamma in IL-12 production induced by collaboration between Valphal4+
NKT cells and antigen-presenting cells. Int Immunol 12: 1669-1675.

Brigl M, Bry L, Kent SC, Gumperz JE, Brenner MB (2003) Mechanism of
CD1d-restricted natural killer T' cell activation during microbial infection. Nat
Immunol 4: 1230-1237.

. Ortaldo JR, Young HA (2005) Mouse Ly49 NK receptors: balancing activation

and inhibition. Mol Immunol 42: 445-450.

. Fasso M, Waitz R, Hou Y, Rim T, Greenberg NM, et al. (2008) SPAS-1

(stimulator of prostatic adenocarcinoma-specific T cells)/SH3GLB2: A prostate
tumor antigen identified by CTLA-4 blockade. Proc Natl Acad Sci U S A 105:
3509-3514.

. van der Vliet HJ, Wang R, Yue SC, Koon HB, Balk SP, et al. (2008) Circulating

myeloid dendritic cells of advanced cancer patients result in reduced activation
and a biased cytokine profile in invariant NKT cells. J Immunol 180:
7287-7293.

Matsuda JL, Gapin L, Baron JL, Sidobre S, Stetson DB, et al. (2003) Mouse V
alpha 141 natural killer T cells are resistant to cytokine polarization in vivo. Proc
Natl Acad Sci U S A 100: 8395-8400.

June 2010 | Volume 5 | Issue 6 | €11311



