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Abstract

Background: Tumor tolerance and immune suppression remain formidable obstacles to the efficacy of immunotherapies
that harness the immune system to eradicate breast cancer. A novel syngeneic mouse model of breast cancer metastasis
was developed in our lab to investigate mechanisms of immune regulation of breast cancer. Comparative analysis of low-
metastatic vs. highly metastatic tumor cells isolated from these mice revealed several important genetic alterations related
to immune control of cancer, including a significant downregulation of cd1d1 in the highly metastatic tumor cells. The cd1d1
gene in mice encodes the MHC class I-like molecule CD1d, which presents glycolipid antigens to a specialized subset of T
cells known as natural killer T (NKT) cells. We hypothesize that breast cancer cells, through downregulation of CD1d and
subsequent evasion of NKT-mediated antitumor immunity, gain increased potential for metastatic tumor progression.

Methodology/Principal Findings: In this study, we demonstrate in a mouse model of breast cancer metastasis that tumor
downregulation of CD1d inhibits iNKT-mediated antitumor immunity and promotes metastatic breast cancer progression in
a CD1d-dependent manner in vitro and in vivo. Using NKT-deficient transgenic mouse models, we demonstrate important
differences between type I and type II NKT cells in their ability to regulate antitumor immunity of CD1d-expressing breast
tumors.

Conclusions/Significance: The results of this study emphasize the importance of determining the CD1d expression status of
the tumor when tailoring NKT-based immunotherapies for the prevention and treatment of metastatic breast cancer.
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Introduction

Significant progress has been made over the past few decades in

developing breast cancer immunotherapies that inhibit tumor

progression and prevent metastasis [1]. While recent advances

in tumor vaccines and T cell-based immunotherapies appear

promising, tumor tolerance and immune suppression remain

formidable obstacles to eradicating breast cancer [2]. It is widely

believed in the field of metastasis that tumor cells must acquire

multiple genetic alterations to enable colonization in distant organ

sites [3]. Of these, evasion of host immune surveillance is an early

and critical step. Cancer cells, like bacteria and viruses, are known

to evolve a number of strategies to escape immune surveillance

[4,5]. For example, cancer cells have been documented to

downregulate or alter MHC class I molecules and their

presentation of tumor antigens to escape immune surveillance, a

process known as immunoediting [6,7]. Identifying critical genetic

alterations that enable immune evasion and tumor tolerance will

facilitate the development of immunotherapies that eliminate

breast cancer.

In order to identify potential gene signatures for metastasis using

our syngeneic mouse model of breast cancer metastasis, we

compared low-metastatic TM40D breast cancer cells with the

highly metastatic TM40D-MB cells by microarray [8]. This

revealed a number of immune response genes altered between

these cells that were not identified in previous arrays using

immune deficient xenograft mouse models [9]. Of these, a

significant downregulation was found in the TM40D-MB cells of

the cd1d1 gene, encoding the MHC class I-like molecule CD1d.

CD1d molecules present glycolipid antigens to a specialized class

of immune cells known as natural killer T (NKT) cells [10]. NKT

cells can be divided into two main types: Type I NKT cells, or

invariant NKT (iNKT) cells, are characterized by an invariant

TCRa chain consisting of Va14Ja18 gene segments in mice

(Va24Ja18 in humans) and can promote either Th1 or Th2

effector responses, depending on their activation [11,12]. Type II
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NKT cells are a heterogeneous class of CD1d-restricted cells with

a diverse TCR repertoire, and have mainly immune regulatory

functions [13]. In cancer, accumulated evidence points to a

protective role for type I (iNKT) cells, whereas type II NKT cells

have been shown to be mainly immunosuppressive [14].

Clinically, iNKT levels are significantly reduced in solid tumors,

and low levels of circulating iNKT cells correlate with a poor

prognosis in many types of cancers, including breast cancer

[15,16,17,18].

Multiple preclinical and clinical studies support the notion that

inducing iNKT cell activation can inhibit tumor progression and

promote lasting tumor immunity [19,20]. Activated iNKT cells

can rapidly produce pro-inflammatory cytokines such as IFN-c,

which activates innate natural killer (NK) effector function and

induces maturation of dendritic (DC) cells that produce immune-

stimulating IL-12 [21]. This leads to activation of secondary

immune effector responses, including maturation of CD8+ T cells

to antigen-specific antitumor cytotoxic T lymphocytes (CTL)

[22,23]. In addition to their role in activating antitumor NK and T

effector function, iNKT cells can induce direct cytolysis of tumor

cells [24]. Activated iNKT cells have been demonstrated to be

directly cytotoxic to CD1d-bearing tumor cells in a CD1d-

dependent manner in vitro, and studies have directly correlated

tumor expression of CD1d to their sensitivity to iNKT-mediated

antitumor immunity in vivo [25,26].

CD1d is widely expressed in humans and animals in both

hematopoietic and non-hematopoietic cells, including multiple

tumor types [27,28]. CD1d downregulation by human papillo-

mavirus (HPV) in infected cervical epithelial cells has been

recently shown to be correlated with their progression to cervical

carcinoma [29]. Downregulation of CD1d in highly metastatic

breast cancer cells may similarly enable evasion of immune

surveillance and facilitate metastatic progression. To date, no

study has directly linked CD1d expression by breast cancer cells

and iNKT-mediated antitumor immunity in preventing breast

cancer metastasis.

In this study, we provide the first evidence that in human breast

cancer cells, downregulation of CD1d expression is correlated with

increasing metastatic potential. Using our syngeneic mouse model

of breast cancer metastasis, we show that tumor cells expressing

CD1d promote increased iNKT-mediated antitumor immunity in

a CD1d-dependent manner in vitro and in vivo. Importantly,

inhibition of tumor CD1d expression in vivo, by either antibody

blockade or gene silencing, promotes spontaneous breast cancer

metastasis. Interestingly, by comparing tumor growth of CD1d-

expressing and CD1d-deficient tumor cells in NKT-deficient

transgenic knockout (KO) models, we have uncovered important

differences in the regulation of these cells by type I and type II

NKT cells. These results demonstrate a previously unrecognized

role for CD1d-restricted NKT cells in regulating breast cancer

metastasis. In addition, these results point to the CD1d expression

status of the tumor as being an important determinant in tailoring

NKT-based immunotherapies for the prevention and treatment of

metastatic breast cancer. Our findings further support research

into designing breast cancer immunotherapies that bolster the

activation of type I NKT cells, while inhibiting the suppressive

functions of type II NKT cells.

Materials and Methods

Mice
Inbred BALB/c mice were purchased from Harlan Sprague

Dawley Inc. BALB/c mice homozygous deficient in the cd1d1 gene

(CD1d KO) were purchased from the Jackson Laboratory [30].

Recombinase-activating gene 2-deficient (RAG2 KO) BALB/c

mice were purchased from Taconic Laboratories [31]. Ja18 KO

(iNKT deficient) on the BALB/c background (at least 8 gen-

erations backcrossed by Ram Singh, UCLA) mice were provided

by Dr. Randy R. Brutkiewicz (Indiana University School of

Medicine, Indianapolis, IN) [32]. All mice were housed in a

pathogen-free environment at the Northwestern Center for

Comparative Medicine (CCM) facility. All experiments were done

in accordance with protocols approved by the CCM Committee

on Animal Care (CAR) institutional IACUC and in accordance

with AAALAC. Female mice approximately 8 weeks old were used

for all experiments.

Breast cancer cell lines
TM40D mammary tumor cells were derived from the FSK4

mammary epithelial cell line established in vitro from normal mouse

mammary gland [33]. TM40D-MB tumor cells were isolated from

bone by antibiotic selection after intracardiac injection of TM40D

cells, according to a modified method by Li et al [34]. TM40D

tumors have a low potential for spontaneous lung and bone

metastasis after orthotopic mammary gland implantation (7.7%),

whereas TM40D-MB tumors are metastatic to lung and highly

bone metastatic (53.3%) [8]. The TM40D-shCD1d cell line was

created by stable lentiviral knockdown of TM40D cells with a short

hairpin RNA (shRNA) sequence against murine cd1d1 (pLKO.1

vector, clone ID 67863, OpenBiosystems). A scrambled shRNA was

also used as a control (TM40D-scr). All cells were grown in

DMEM/F12 supplemented with L-glutamine, 50 mg/ml strepto-

mycin, 50 U/ml penicillin and 5% heat-inactivated Fetal Bovine

Serum (FBS) (all Invitrogen Gibco BRL). All cells were used within

two weeks of culture (passages 4–6).

In vivo orthotopic mouse model of breast cancer
metastasis

For all tumor experiments, mice were injected bilaterally into

the 4th mammary fat pads with 16106 tumor cells. Tumor volume

measurements were taken every three days, and tumor volume was

calculated using the formula: length 6width2/2 [35]. Mice were

euthanized at the point at which tumors reached the maximum

allowable size of 2 cm, following AAALAC guidelines and the

rules set by the IACUC. In order to detect spontaneous lung

metastasis, tissues were fixed with Bouin’s fixative for 24 hrs, then

replaced with 70% EtOH [36]. After 48 hrs, tissues were

visualized and photographed under a dissecting light microscope

with attached camera (Olympus SZX12, Olympus America Inc).

For the in vivo anti-CD1d blocking antibody study, 10 mice were

implanted with 16106 tumor cells. At the point tumors were

palpable (day 10 post-implantation), 5 mice per group were

administered 200 mg i.p. of anti-CD1d (3C11) blocking antibody

or vehicle (hybridoma supernatant) control [37]. These injections

were repeated at days 17, 24 and 31 post-tumor implantation, and

tumor measurements were taken every three days. At day 45, all

mice had reached the maximum allowable tumor size and were

subsequently euthanized.

Real-time reverse transcription-polymerase chain
reaction (RT-PCR) assay

To validate the microarray results, RNA was harvested from

tumor cell lines (Rneasy kit, Qiagen) and RT-PCR was performed

on reverse-transcribed cDNA (Roche) using primers for the murine

cd1d1 gene, and L19 amplification was used as a control for relative

levels of total RNA, as previously described [38]. For real-time

RT-PCR experiments, the SYBR Green assay (Applied Biosystems)
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was used for detecting products from the isolated complementary

DNA samples on a real-time cycler (ABI7900HT, Applied

Biosystems). Reactions for each sample were performed in triplicate,

and amplified products were visualized on an agarose gel. The level

of target gene expression was normalized against glyceraldehyde

3-phosphate dehydrogenase (GAPDH) expression in each sample.

For RT-PCR of the human CD1D transcript, the following cell

lines were used: 71N, 81N – normal human mammary epithelial

cells, 21PT, ZR-75-1 – non-invasive primary tumor, MCF-7 –

minimally invasive primary tumor, MDA-MB-468, MDA-MB-231

– pleural effusion, highly metastatic [39,40]. RNA was harvested

(Trizol, Sigma) and reverse-transcribed to make cDNA (Superscript

II, Invitrogen). The following primers were used to amplify a 275 bp

fragment from the human CD1D gene: 59-CGC GCA GCG GCG

CTC CGC G-39 located in exon 1, and 59-GGA CCA AGG CTT

CAG AGA G-39 located in exon 2. Primers for human GAPDH

were used as described previously [41].

Fluorescence-activated cell sorting (FACS) analysis
At maximum tumor size, spleen and tumor were excised and

homogenized to obtain single cell suspensions, and erythrocytes

were removed as described [42]. To test for immune cell

recruitment in spleen and tumor, 26106 cells from each sample

were preincubated with anti-CD16/CD42 (2.4G2, eBioscience) to

avoid non-specific binding of antibodies to FccR [43]. Cells were

stained with the following fluorophore-conjugated anti-mouse

monoclonal antibodies: anti-CD1d (1B1), anti-TCRb, anti-CD49b

(DX5), anti-CD4, anti-CD8a, anti-CD69, anti-CD45R (all BD

Biosciences), and CD1d tetramers loaded with the aGalCer analog

PBS-57 (NIH Tetramer Core Facility, Atlanta GA). The

percentage of live cells was assessed using the LIVE/DEAD

fixable violet blue cell kit (Invitrogen). Cells were sorted using a

FACS Canto II (BD Biosciences) and analyzed on FlowJo software

(Tree Star).

Enrichment of iNKT cells and in vitro cytotoxicity assay
iNKT cells were enriched from splenocytes of healthy, unchal-

lenged 7 week-old wildtype BALB/c by positive selection as

previously described [42]. Dead cells were removed from

splenocytes using a Dead Cell Removal Kit (MACS, Miltenyi

Biotec). To debulk splenocytes of B cells, splenocytes were incubated

with biotin-B220 (BD Biosciences), followed by streptavidin

microbead magnetic column depletion (MACS, Miltenyi Biotec).

For positive selection of iNKT cells, splenocytes were incubated

with a PE-conjugated PBS-57-loaded CD1d tetramer, followed by

anti-PE magnetic column purification (MACS, Miltenyi Biotec).

Percent enrichment and activation status (CD69+) of iNKT cells

isolated from splenocytes was confirmed by FACS. Activated

iNKT-enriched splenocytes were immediately incubated with target

tumor cells at effector to target (E:T) ratios of 5:1, 10:1 and 25:1, in

the presence or absence of anti-CD1d (3C11, BD Biosciences), or

IgM isotype control (Sigma) [44]. After 4 hr incubation at 37uC and

5% CO2, cell-free supernatants were harvested and assayed for

lactate dehydrogenase (LDH) activity as a measure of cell lysis (LDH

Cytotoxicity Detection Kit, Roche) [45]. Spontaneous release of

LDH by effector and target cells were controlled by separate

incubations of these populations. The results were calculated as

follows:

% Cytotoxicity = test release – non-specific release x 100

total LDH release – non-specific release

Statistical analysis
Results are expressed as the median and range and mean 6

standard deviation. Student’s paired t tests or one-way ANOVA

were used to determine statistical significance. A value of P,0.05

was considered statistically significant. Data were analyzed using

Excel for Mac 2008 (Microsoft) and Prism 5 (GraphPad).

Results

CD1d expression is correlated with increasing metastatic
potential in murine and human breast cancer cells

Several lines of evidence support the idea that a small

population of primary tumor cells possess existing molecular

signatures for metastasis [46,47]. In order to identify potential

metastatic signatures using our mouse model of breast cancer

metastasis, TM40D breast cancer cells of low metastatic potential

were compared to the highly metastatic TM40D-MB cells by

microarray [8]. Among the genes that were found differentially

expressed between these two cell lines, we found a 4.72-fold

downregulation of the cd1d1 gene in the TM40D-MB cells. (Figure

S1). This expression difference was validated by real-time RT-

PCR, comparing amplified cDNA for the murine cd1d1 gene by

RT-PCR between the TM40D and TM40D-MB cells (Fig. 1A).

Downregulation of surface CD1d expression in the TM40D-MB

cells was also confirmed by fluorescence-activated cell sorting

(FACS) (Fig. 1B). CD1d is known to be expressed in human breast

tissue, in both ductal epithelial and vascular smooth muscle cells

[48]. Downregulated CD1d expression has been correlated with

decreased iNKT-mediated antitumor immunity in several human

and murine hematopoietic malignancies [24,25,49]. In human

solid tumors, a correlation of downregulated CD1d expression

with increasing malignancy has been reported in malignant

glioma, and most recently HPV-transformed cervical carcinoma

cells [29,50]. In order to assess the importance of CD1d

downregulation in human breast cancer, we analyzed a panel of

human mammary epithelial cell lines of increasing metastatic

potential by RT-PCR for their expression of CD1d (Fig. 1C).

CD1d was found to be expressed in normal human mammary

epithelial cells, and with the exception of MDA-MB-468, is

downregulated in the transition from normal to malignant breast

cancer. These results suggest that downregulation of CD1d

expression in both murine and human breast cancer may be an

important mechanism for evading tumor immune surveillance and

promoting metastatic cancer progression.

CD1d-expressing tumor cells promote direct iNKT-
mediated cytotoxicity in a CD1d-dependent manner in
vitro

Previous studies in hematopoietic tumors demonstrated the

ability of CD1d-expressing tumors to be susceptible to direct iNKT-

mediated cytolysis in a CD1d-dependent manner [25,26,51].

However, the ability of iNKT cells to induce direct cytolysis of

CD1d-expressing breast cancer cells has not been reported. For this

experiment, activated iNKT effector cells were enriched from

splenocytes by positive selection using a ligand-conjugated CD1d

tetramer [42] (Fig. 2A). Activation of iNKT cells by tetramer

ligation was positively confirmed by increased expression of CD69,

a marker for iNKT activation [52]. Enriched iNKT cells were

immediately incubated with either TM40D (CD1d-hi) or TM40D-

MB (CD1d-lo) tumor target cells and assayed for tumor cytolysis.

TM40D (CD1d-hi) tumor cells demonstrated increased cytotoxicity

over TM40D-MB (CD1d-lo) tumor cells in a range of effector to

target cell ratios, and significantly higher cytotoxicity at an E:T ratio

of 25:1 (P,0.05), as measured by the release of lactate

dehydrogenase (LDH) (Fig. 2B). This suggests that enriched iNKT

cells may preferentially target tumor cells expressing higher levels of

CD1d, and downregulation of CD1d may be a mechanism for

NKT-Mediated Antitumor Immunity in Breast Cancer
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evading direct iNKT-mediated cytotoxicity. Additionally, we show

that direct iNKT cytolysis of TM40D (CD1d-hi) cells could be

partially blocked by the addition of an anti-CD1d blocking antibody

(3C11) in a range of effector to target cell ratios (Fig. 2C). The ability

of the anti-CD1d antibody to block tumor cytolysis was concentra-

tion-dependent, as compared to isotype control (Fig. 2D). These

results are consistent with previous reports demonstrating suscep-

tibility of CD1d-expressing hematopoietic tumor cells to direct

iNKT-mediated cytolysis, and the ability of anti-CD1d blocking

antibody to partially abrogate this effect [26,51]. To our knowledge,

this is the first study to demonstrate the ability of enriched iNKT

cells to induce direct cytolysis of CD1d-expressing breast cancer

cells in a CD1d-dependent manner in vitro.

Downregulation of CD1d by tumor correlates with
evidence of decreased iNKT-mediated antitumor
immunity in vivo

The ability of CD1d-restricted iNKT cells to promote

antitumor immune responses has been documented in multiple

human and animal cancer studies [14,19,20]. Several studies

have demonstrated a direct role for CD1d-expressing tumor cells

in activating iNKT-mediated antitumor immunity [24,25].

Activated iNKT cells have been shown to prime innate NK

immune responses, as well as activate secondary immune effector

antitumor CD4+ and CD8+ T cells [22,23]. We hypothesize that

downregulation of CD1d in breast cancer cells may inhibit

iNKT-regulated primary and secondary immune responses. In

order to assess the effects of tumor downregulation of CD1d on

iNKT-mediated antitumor immunity in vivo, we utilized our

mouse model of breast cancer metastasis to compare the immune

responses of mice implanted with either low metastatic TM40D

(CD1d-hi) cells, or highly metastatic TM40D-MB (CD1d-lo) cells.

For this experiment, TM40D or TM40D-MB cells were

implanted into wildtype BALB/c and monitored for tumor

progression. TM40D-MB tumor cells with downregulated CD1d

expression were found to grow at a slower rate than TM40D

(CD1d-hi) tumors, suggesting that downregulated CD1d expres-

sion may not affect tumor proliferation directly (Fig. 3A). In order

to assess potential effects of downregulated CD1d expression by

tumor on innate and adaptive antitumor immunity, we assessed

spleens from tumor-implanted mice for levels of iNKT, NK,

Figure 1. Decreased expression of CD1d in highly metastatic murine and human breast cancer cells. (A) Real-time RT-PCR assay
confirming significant downregulation of the CD1d1 gene in TM40D-MB cells, as compared to parental TM40D (low metastatic) cells. L19 serves as an
internal control. Experiments were performed in triplicate, and data are represented as the mean 6 SEM, * P#0.05. (B) Flow cytometry analysis of
CD1d using a PE-conjugated anti-CD1d mAb (1B1) or isotype IgG2b control. Average 6 SD mean fluorescence intensity (MFI) for three independent
experiments: TM40D (blue) = 928.7621.2, TM40D-MB (red) = 541.0657, ** P#0.001. (C) Decreased expression of CD1d in human mammary epithelial
cells correlates with increasing metastatic potential by RT-PCR. 71N, 81N: normal transformed human mammary epithelial cells. 21PT, ZR75: primary
breast adenocarcinoma cells. MCF-7: minimally invasive adenocarcinoma cells. MDA-MB-468, MDA-MB-231: highly metastatic human breast
adenocarcinoma cells, from patients of African-American (MDA-MB-468) and Caucasian (MDA-MB-231) descent. GAPDH serves as an internal
housekeeping gene control.
doi:10.1371/journal.pone.0020702.g001
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CD4+ and CD8+ T cells by FACS. As a control, these cell

populations were compared to spleen from healthy (unchal-

lenged) mice. Splenocytes isolated from the TM40D (CD1d-hi)

group demonstrated lower levels of NK and iNKT cells as

compared to healthy unchallenged mice, as expected from

immune suppression at this late stage of tumor progression

(Fig. 3B,C). Importantly, splenic levels of NK and iNKT cells of

the TM40D mice were significantly higher than in the TM40D-

MB (CD1d-lo) group (NK and iNKT P,0.001), although tumor

sizes were comparable at time of analysis. This suggests that

downregulation of tumor CD1d expression may have an effect on

NK and iNKT antitumor immunity, even at a late stage in tumor

progression. Both the TM40D and TM40D-MB tumor groups

had decreased splenic levels of CD4+ and CD8+ T cell

populations as compared to unchallenged mice, although the

reduction in the TM40D-MB group was significantly more

pronounced (CD4+ P = 0.003, CD8+ P = 0.012) (Fig. 3B,D).

These results suggest that secondary T cell-mediated adaptive

antitumor immunity may also be compromised by downregulated

CD1d expression. In summary, these data point to a correlation

between downregulated CD1d expression by tumor and sup-

pression of iNKT-regulated antitumor immunity in vivo.

In vivo antibody blockade of CD1d in mice bearing CD1d-
expressing tumors promotes spontaneous breast cancer
metastasis

Previous studies have demonstrated the ability of in vivo anti-

CD1d antibody blockade to inhibit tumor progression of CD1d-

deficient tumors [37,53,54]. However, the efficacy of this

Figure 2. Increased tumor cytolysis of CD1d-expressing cells by enriched iNKT cells. (A) FACS analysis of enriched iNKT cells by magnetic
bead sorting using PE-conjugated PBS-57-loaded CD1d tetramer and FITC-conjugated anti-TCRb Ab. Activation assessed using PerCP-conjugated
anti-CD69 Ab. Mean fluorescence intensity (MFI) for control naı̈ve CD4+ T Cell = 99 (black), Unenriched iNKT = 121 (blue), Enriched iNKT = 715 (red). (B)
In vitro Lactate Dehydrogenase (LDH) cytotoxicity assay. Positively-enriched iNKT effector cells (.20% iNKT+) were incubated with TM40D or TM40D-
MB target cells at E:T ratios of 5:1, 10:1 and 25:1, for 4 hrs at 37uC, 5% CO2. Cell-free supernatants were assayed for LDH activity as a measure of cell
lysis. (C) TM40D target cells were incubated with enriched iNKT cells at E:T ratios of 5:1, 10:1 and 25:1, in the presence or absence of anti-CD1d (3C11)
blocking antibody (10 mg/ml). (D) In vitro anti-CD1d antibody titration in TM40D cells. Positively-enriched iNKT effector cells (.20% iNKT+) were
incubated with TM40D target cells at an E:T ratio of 25:1, in the presence of anti-CD1d (3C11) blocking antibody or IgM isotype control, at the
concentrations indicated. Data are presented as mean 6 SD, * P,0.05. Data are representative of at least two independent experiments.
doi:10.1371/journal.pone.0020702.g002
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treatment strategy for CD1d-expressing breast tumors has not

been verified. Based on our in vitro findings, we hypothesized that

in vivo blockade of CD1d using an anti-CD1d blocking antibody

would inhibit iNKT-mediated antitumor immunity and result in

increased breast cancer metastasis. To test this, wildtype BALB/c

mice were implanted with 16106 TM40D tumor cells. At the

point at which tumors were palpable (day 10 post tumor

implantation), mice were injected intraperitoneally (i.p) with either

anti-CD1d (3C11) blocking antibody, or vehicle control [37].

Unlike the anti-CD1d (1B1) blocking antibody used by the

Smyth group, anti-CD1d (3C11) is a non-depleting blocking

antibody that is not known to activate antitumor APCs [55].

Antibody injections were repeated weekly, and mice were

euthanized at maximum tumor volume. Unlike previous studies

using antibody blockade of CD1d-deficient tumors, treatment of

CD1d-expressing TM40D cells with anti-CD1d blocking antibody

did not inhibit tumor growth (Fig. 4A). In order to assess the effect

of CD1d antibody blocking on tumor metastasis, we evaluated

whether anti-CD1d antibody blockade could increase tumor

metastasis to lung. Previous studies in our lab demonstrated that

TM40D tumors have a low rate of spontaneous metastasis [35]. As

assessed by histology, tumors in mice treated with the anti-CD1d

antibody exhibited increased ability to metastasize to lung, with

significantly increased numbers of tumor foci per lung (P = 0.0049)

(Fig. 4B,C). Thus, unlike other CD1d-deficient tumors, treatment

of CD1d-expressing breast tumors with an anti-CD1d blocking

Figure 3. Decreased CD1d expression by tumor correlates with decreased iNKT-mediated antitumor immunity in vivo. (A) Orthotopic
injection into the bilateral mammary fat pads of mice with either 16106 CD1d-expressing TM40D or CD1d-deficient TM40D-MB cells, 5 mice per
tumor group. Mice were monitored for tumor formation (tumor size of 0.3 cm), and mice in each tumor group were euthanized at maximum tumor
size (2 cm). (B) FACS analysis comparing spleens isolated from either TM40D or TM40D-MB tumor-implanted mice. Splenocytes were isolated from
mice at maximum tumor size and analyzed by FACS for live iNKT cell populations using APC-conjugated PBS-57-loaded CD1d tetramer and FITC-
conjugated anti-TCRb antibodies. Live NK populations were assessed using PE-conjugated anti-CD49b (DX5) and FITC-conjugated anti-TCRb
antibodies. Live CD4+ and CD8+ T cell populations were assessed using APC-conjugated anti-CD4 and PerCP-Cy5.5-conjugated anti-CD8a antibodies.
C,(D) Histograms quantifying the total percentage of live iNKT, NK, CD4+ and CD8+ T cell of total splenocytes. N = 3 (Unchallenged). N = 5 (TM40D,
TM40D-MB). Data are mean 6 SD. * P#0.05, ** P#0.001. These results are representative of at least two independent experiments.
doi:10.1371/journal.pone.0020702.g003
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antibody significantly increases spontaneous tumor metastasis in

vivo, demonstrating the importance of CD1d expression for iNKT-

mediated antitumor immunity.

Knockdown of CD1d gene expression in TM40D cells
promotes increased breast cancer metastasis

Next we sought to determine the role of tumor-specific CD1d

downregulation, in contrast to systemic CD1d inhibition by

antibody blockade, in promoting spontaneous breast cancer

metastasis. For this experiment, we employed lentiviral delivery

of shRNA against murine CD1d (TM40D-shCD1d). Knockdown

of CD1d expression level in TM40D cells was verified by real-time

RT-PCR, which demonstrated CD1d expression levels in

TM40D-shCD1d cells to be downregulated to a level comparable

to TM40D-MB (Fig. 5A). FACS analysis of TM40D-shCD1d

surface expression of CD1d demonstrated a similar decrease, as

compared to TM40D and TM40D-MB cells (Fig. 5B). When

TM40D-shCD1d cells were implanted into BALB/c mice,

primary tumor growth rates were found to be identical to the

parental TM40D-implanted mice (data not shown). Importantly,

when spleens were harvested from these mice and assessed for

levels of iNKT-mediated immune populations, TM40D-shCD1d

mice demonstrated significantly decreased splenic levels of CD4+

and CD8+ T cells (CD4+ P = 0.017, CD8+ P = 0.034), as well as

significantly decreased iNKT cells (P = 0.003), as compared to

parental TM40D-implanted mice (Fig. 5C). NK levels were not

significantly affected (data not shown). This supports the notion

that downregulation of tumor CD1d expression may play a role in

suppressing the antitumor immune functions of iNKT cells. In

addition, we analyzed these groups for evidence of lung metastasis,

and found a significantly increased rate and frequency of lung foci

per lung in the TM40D-shCD1d (P = 0.0152) mice, as compared

to parental TM40D-implanted mice (Fig. 5D). These results

demonstrate the importance of tumor-specific CD1d expression

for inhibiting metastatic breast cancer progression, and point to

the importance of iNKT-mediated antitumor immunity in

regulating these tumors.

Figure 4. Antibody blocking of CD1d-expressing TM40D tumor cells increases spontaneous lung metastasis in vivo. (A) Comparison of
tumor growth in mice administered anti-CD1d blocking antibody or vehicle control. Wild-type BALB/c mice (5 mice per group) were implanted with
TM40D tumor cells and inoculated I.P. with either with 200 mg of anti-CD1d (3C11) blocking antibody or vehicle control (TM40D-C) at days 10, 17, 24,
and 31 post tumor implantation. Mice were monitored for tumor formation (tumor size of 0.3 cm), and mice were euthanized at maximum tumor size
(2 cm). (B) In vivo anti-CD1d antibody blockade of CD1d-expressing TM40D tumors increases the frequency of lung tumor metastases in mice. At
maximum tumor volume, lung tissues were isolated and fixed in Bouin’s Fixative and scored for visible metastasis foci under dissecting light
microscope. (C) Scatter plot depicting average number of tumor foci counted per lung (** P,0.005, one-way ANOVA test).
doi:10.1371/journal.pone.0020702.g004
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Figure 5. Gene knockdown of CD1d by shRNA in CD1d-expressing TM40D cells suppresses in vivo iNKT-mediated antitumor
immunity and promotes increased spontaneous metastasis to lung. (A) TM40D cells were transduced by a pLKO.1 lentivirus expressing
shRNA against murine cd1d1. Real-time RT-PCR assay confirming downregulation of the cd1d gene in the TM40D-shCD1d cells, as compared to
parental TM40D and TM40D-MB cells and scrambled shRNA control (TM40D-scr). TM40D-MB cells, as compared to parental TM40D (low metastatic)
cells. GAPDH serves as an internal control. (B) FACS analysis of gene knockdown of CD1d using a PE-conjugated anti-CD1d mAb (1B1) or isotype
IgG2b control. Mean fluorescence intensity (MFI) for IgG2b Isotype Control (black) = 127, TM40D-shCD1d (green) = 389, TM40D-MB (red) = 599,
TM40D (blue) = 932. (C) Suppression of iNKT-regulated lymphocytes in vivo of TM40D-shCD1d tumor-implanted mice, as compared to parental
TM40D control. Histograms quantifying the total percentage of live iNKT, and CD4+ and CD8+ T cell of total splenocytes. N = 5 (TM40D, TM40D-
shCD1d). Data are mean 6 SD. * P#0.05. (D) Scatter plot depicting increased number of tumor foci counted per lung in TM40D-shCD1d tumor-
implanted mice as compared to TM40D parental control. (* P#0.05, one-way ANOVA test).
doi:10.1371/journal.pone.0020702.g005
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Differential regulation of tumor growth and metastasis of
CD1d-hi vs. CD1d-lo tumors by CD1d-restricted NKT cells

Recent studies have begun to elucidate a novel immunoregu-

latory axis of CD1d-restricted NKT cells, with type I invariant

NKT (iNKT) having antitumor functions, and type II variant

NKT cells demonstrating mainly immunosuppressive tumor-

promoting abilities [14]. The role of CD1d-restricted type I vs.

type II NKT cells in breast cancer has only been addressed using

the CD1d-deficient 4T1 mammary carcinoma model [37]. The

ability of CD1d-restricted NKT cells to regulate tumor growth and

metastasis of CD1d-expressing breast tumors has yet to be

explored. To address this, we compared tumor growth and

metastasis rates of TM40D (CD1d-hi) or TM40D-MB (CD1d-lo)

cells implanted in wildtype mice, CD1d KO mice that are

deficient in all CD1d-restricted NKT cells, and Ja18 KO mice

that are deficient in only type I NKT (iNKT) cells [30,32].

Additionally, we sought to determine the importance of adaptive

immunity in regulating tumor growth and immune responses

between these tumors using recombinase-activating gene 2

deficient (RAG2 KO) mice, lacking all B and T lymphocytes,

including NKT cells [31].

For these experiments, we first compared rates of tumor growth

and metastasis of TM40D (CD1d-hi) cells implanted in wildtype,

CD1d KO, Ja18 KO and RAG2 KO mice. Tumor growth rates

were found to be similar between wildtype and immune-deficient

mouse groups (Fig. 6A). These results are in line with previous

observations in the CD1d-deficient 4T1 breast cancer mouse

model [37]. In contrast to rates of tumor growth, significant

differences were found between these mouse groups in their ability

to spontaneously metastasize to lung (Fig. 6B,D). TM40D cells

were most metastatic in RAG2 KO mice, lacking adaptive

immune NKT, T and B lymphocytes, but maintaining NK cell

innate immune functions. These results suggest that innate

NK-mediated antitumor immunity is not sufficient to inhibit

spontaneous metastasis, and adaptive immune lymphocytes are

the primary effector cells in our model. Next we addressed the role

Figure 6. Differences in tumor growth and metastasis between TM40D and TM40D-MB tumors in normal and immune deficient
mice. Orthotopic injection into the bilateral mammary fat pads of CD1d KO, Ja18 KO, RAG2 KO, or wildtype BALB/c mice, with either 16106 TM40D
(CD1d-hi) or TM40D-MB (CD1d-lo) cells, 5 mice per tumor group. Mice were monitored for tumor formation (tumor size of 0.3 cm), and mice in each
tumor group were euthanized at maximum allowable size (2 cm). (A) Comparison of TM40D (CD1d-hi) tumor growth in CD1d KO, Ja18 KO, RAG2 KO,
or wildtype BALB/c mice. (B) Differences in rates of tumor growth and metastasis between TM40D and TM40D-MB tumors in normal and immune
deficient mice. (C) Comparison of TM40D-MB (CD1d-lo) tumor growth in CD1d KO, Ja18 KO, RAG2 KO, or wildtype BALB/c mice. Data are mean 6 SD.
(D) Scatter plot depicting increased number of tumor foci counted per lung in TM40D or TM40D-MB tumor-implanted mice in immune-deficient
CD1d KO, Ja18 KO, RAG2 KO, or wildtype BALB/c mice. (* P#0.05, ** P,0.005, *** P#0.001, one-way ANOVA test). Data are representative of two
independent experiments.
doi:10.1371/journal.pone.0020702.g006
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of CD1d-restricted NKT cells in preventing metastasis. As

compared to TM40D in wildtype, the rate of metastasis and

overall number of metastases per lung in TM40D-implanted

CD1d KO mice was significantly higher (P = 0.0077). These

results demonstrate the importance of CD1d-restricted NKT cells

in regulating metastatic progression of CD1d-expressing tumors.

We predicted that TM40D tumors implanted in type I NKT-

deficient Ja18 KO mice would show similar rates of metastasis as

compared to CD1d KO mice, owing to the importance of type I

NKT cells in antitumor immunity. Surprisingly, we found a more

significant increase in the rate and frequency of lung metastases in

TM40D-implanted CD1d KO mice than in the Ja18 KO mice

(P = 0.0164). These results establish the importance of adaptive

immunity and CD1d-restricted NKT cells in preventing metastatic

cancer progression of CD1d-expressing tumors, but do not directly

implicate the importance of type I NKT cells in this model.

In order to determine the importance of CD1d-restricted NKT

cells in regulating the immunity of tumors with downregulated

CD1d, TM40D-MB (CD1d-lo) tumors were also implanted in

wildtype, CD1d KO, Ja18 KO and RAG2 KO mice. In contrast

to TM40D tumor growth in these mice, growth of TM40D-MB

(CD1d-lo) cells varied dramatically between mouse groups

(Fig. 6C). Unlike the TM40D tumors that readily grew in CD1d

KO mice, TM40D-MB tumors did not grow at all in these mice

(Fig. 6B,C). These results were similar to those observed in CD1d-

deficient tumor models (15-12RM, CT26-L5), where CD1d KO

mice are highly resistant to tumor growth [37]. This suggests that

the presence of suppressive type II NKT cells in these tumors may

be more important in promoting tumor progression than the

absence of type I NKT cells. Accordingly, we would expect

TM40D-MB tumors to be able to grow and metastasize in Ja18

KO mice lacking only type I NKT cells. As predicted, TM40D-

MB tumors grew in Ja18 KO mice, although tumor growth rates

were on average slower than in wildtype mice (Fig. 6C).

Interestingly, in RAG2 KO mice deficient in all adaptive

lymphocytes, including NKT cells, TM40D-MB tumor growth

rates were significantly increased as compared to wildtype

(P = 0.0127 at day 42 post tumor implantation), and similar to

the rate of TM40D in wildtype. These results are in line with

previous studies demonstrating increased rates of tumor growth in

RAG2 KO mice, owing to the importance of adaptive antitumor

immunity [56].

Next we assessed the ability of TM40D-MB (CD1d-lo) tumors

to metastasize to lung in these mice, as compared to TM40D

(CD1d-hi). While no tumor growth or metastasis was detected in

CD1d KO mice implanted with TM40D-MB, Ja18 KO mice

demonstrated a similar ability to metastasize to lung as compared

to wildtype, with increased number and size of lung tumor foci,

although this was not statistically significant (P = 0.1877)

(Fig. 6B,D). Similar to TM40D, all of the RAG2 KO mice

implanted with TM40D-MB tumor cells readily metastasized to

lung, and the overall number of lung metastases for both groups

were significantly greater than in wildtype mice (P,0.001)

(Fig. 6B,D). These findings further implicate the role of adaptive

immune lymphocytes for preventing breast cancer metastasis in

our tumor model. The results of these experiments point to

potential differences in the ability of type I and type II NKT cells

to regulate antitumor immunity in CD1d-expressing vs. CD1d-

deficient tumors.

Discussion

The ability of CD1d-restricted iNKT cells to promote

antitumor immune responses has been documented in multiple

human and animal cancer studies [14,19,20]. Several tumor types

have been shown to express CD1d, and tumor expression of CD1d

has been directly correlated with the ability of iNKT cells to

induce direct tumor cytolysis in vitro and promote iNKT-mediated

tumor immunity in vivo [25,51]. To our knowledge, this is the first

study to address the role of CD1d expression and NKT-mediated

antitumor immunity in regulating breast cancer metastasis. In our

mouse model of breast cancer metastasis, we detected a significant

downregulation of CD1d in the highly metastatic TM40D-MB

cells, as compared to the low-metastatic TM40D cells. We

hypothesized that tumors may acquire a selective advantage by

downregulating expression of CD1d, thereby evading iNKT-

mediated immune surveillance and promoting metastatic cancer

progression.

The exact mechanisms of iNKT-mediated antitumor immunity

have yet to be fully elucidated, however iNKTs are known to have

both direct and indirect effector functions, including the ability to

activate both innate NK and adaptive T cell-mediated antitumor

immunity [22,23,24]. In our study, we show that downregulation

of CD1d in highly metastatic cells correlates with in vivo

suppression of iNKT-regulated immune effector cells, as evi-

denced by significantly decreased in vivo levels of iNKT, NK,

CD4+ and CD8+ T cells. The effect on iNKT immune suppression

was not attributed to differences in tumor burden, as all mice were

euthanized at the same tumor volume. In addition, while gene

knockdown of CD1d in TM40D cells had no effect on primary

tumor growth, mice implanted with these tumors demonstrated

significantly decreased splenic levels of iNKT and T effector cells

and a significant increase in spontaneous lung metastasis. These

results point to the importance of CD1d expression by tumor in

promoting iNKT-mediated antitumor immunity.

In addition to their indirect antitumor immune functions,

multiple studies confirm the ability of iNKTs to be directly

cytotoxic to tumor cells in a CD1d-dependent manner [24,25,26].

In this study, we demonstrated that enriched iNKT cells are

preferentially cytotoxic to breast cancer cells with increased CD1d

expression in vitro, and this effect could be partially abrogated by

the addition of anti-CD1d blocking antibody. Previous studies by

the Smyth group reported potent tumor inhibition by administer-

ing an anti-CD1d blocking antibody in mice bearing multiple

types of CD1d-deficient tumors, presumably by blocking the

suppressive functions of type II NKT cells [37,53,54]. As these

studies were conducted using CD1d-deficient tumors, it was

unknown whether similar effects could be achieved with CD1d-

expressing tumors. As demonstrated in our study, treatment of

mice bearing CD1d-expressing breast tumors in vivo with an anti-

CD1d blocking antibody did not inhibit tumor progression, but

instead significantly increased spontaneous lung metastasis. The

importance of CD1d expression by tumor was further validated by

shRNA knockdown of CD1d, which also demonstrated signifi-

cantly increased tumor metastasis to lung. These results highlight a

previously unrecognized role for tumor CD1d expression in

preventing spontaneous breast cancer metastasis, and provide

further evidence to support the direct cytotoxic effector role of

iNKT cells in antitumor immunity.

Previous studies in a MCA-induced fibrosarcoma model

reported only a minor contribution of direct iNKT antitumor

cytotoxicity in vivo [57]. In our study, we did not see direct

evidence of iNKT cytotoxicity in vivo as evidenced by the ability of

iNKT cells to affect tumor growth rate. Our highly metastatic

TM40D-MB (CD1d-lo) tumor cells actually grow slower than

TM40D (CD1d-hi) cells, both in vitro (unpublished data) and in vivo,

and modulation of tumor CD1d expression by either antibody

blockade or gene knockdown had no effect on primary tumor
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growth. This may be attributed to an already high tumor burden

from the large number of transplanted tumor cells, where direct

iNKT effector functions may be quickly overwhelmed. Interest-

ingly, while very few iNKT cells remained in the tumor

microenvironment at the time of tumor harvest, the majority of

iNKT cells that remained were CD42/CD82 double negative

(DN) (data not shown), indicative of increased cytotoxic ability

[58]. Recent studies performed in the murine prostate TRAMP

model demonstrated that CD1d-positive TRAMP prostate tumor

cells could induce cytokine defects in tumor-infiltrating DN iNKT

cells [59]. CD1d-expressing cancer cells in the primary breast

tumor may provoke similar defects in iNKT function. Alterna-

tively, as TM40D tumor cells were able to metastasize to lung in a

CD1d-dependent manner, it is possible that the direct cytotoxic

functions of DN iNKT cells may be more important in targeting

circulating tumor cells, rather than decreasing primary tumor

burden. Further studies are required to more fully characterize the

direct vs. indirect cytotoxic functions of iNKT cells in preventing

spontaneous breast cancer metastasis.

In order to assess the relevance of these findings to human

breast cancer, we analyzed the expression of CD1d in several

human mammary cell lines of increasing metastatic potential by

RT-PCR. We provide the first evidence that expression of CD1d

in human mammary epithelial cells is lost in the transition from

normal to invasive breast cancer. However, not all metastatic cell

lines lost CD1d, as evidenced by the highly metastatic MDA-MB-

468 cells. Interestingly, these cells were originally acquired from an

African-American patient, while the equally metastatic MDA-MB-

231 cells were acquired from a Caucasian patient [60]. Differences

in genetic variation of CD1d haplotypes between these ethnicities

has been previously reported, and possible alternate slicing or

expression of CD1d between ethnicities is possible [61]. These

findings may have important clinical implications in tailoring

individual NKT-based immunotherapies for the treatment of

breast cancer. Treatment with an anti-CD1d blocking antibody

may be effective for CD1d-deficient tumors, however CD1d-

expressing tumors would likely be more responsive to iNKT-

activating therapies.

Studies in multiple murine tumor models have demonstrated

that type I (iNKT) and type II NKT cells have opposing regulatory

roles, with type I NKT cells demonstrating potent antitumor

immune responses, and type II NKT cells exhibiting mainly

immunosuppressive functions [14]. Type I NKT dominant

tumors, such as 4T1 mammary carcinoma and CT26 colon

carcinoma, have been shown to grow similarly in CD1d KO (type

I and II deficient) and Ja18 KO (type I deficient) mice as in

wildtype, but demonstrate increased metastasis in Ja18 KO mice

[37]. In these models, the presence of type I NKT cells is the

dominant factor in preventing metastasis, regardless of the

presence or absence of suppressive type II NKT cells. In contrast,

type II NKT dominant tumor models, such as subcutaneous 15-

12RM fibrosarcoma and CT26-L5 colon carcinoma, grow

normally in Ja18 KO mice but do not grow at all in CD1d KO

mice, highlighting the requirement of suppressive type II NKT

cells in promoting tumor progression of these cells. Importantly, all

of these tumor models are CD1d-deficient, and the role of CD1d-

expressing tumors in promoting a type I vs. type II NKT immune

response in non-hematopoietic tumors has not previously been

investigated. In a murine model of B cell lymphoma, CD1d-

expressing tumor cells demonstrated increased tumor progression

in Ja18 KO mice as compared to CD1d-deficient tumor cells [51].

This was suggested to be due to the ability of CD1d-expressing

tumor cells to recruit suppressive type II NKT cells in the absence

of type I NKT cells. Also in this model, CD1d KO mice were

highly resistant to tumor progression of both CD1d-expressing and

CD1d-deficient tumor cells, suggesting a dominance of suppressive

type II NKT cells.

In order to elucidate the specific roles of CD1d-restricted NKT

cells in our model of breast cancer, we utilized CD1d KO (type I

and type II NKT cell deficient), Ja18 KO (type I NKT cell

deficient) and RAG2 KO (B and T cell deficient) mice to compare

tumor growth and metastasis rates between our CD1d-lo and

CD1d-hi tumor cells. Our TM40D (CD1d-hi) tumors grew at the

same rate in all mouse strains, similar to the type I NKT dominant

4T1 mouse model [37]. However, while the CD1d-deficient 4T1-

implanted CD1d KO mice exhibited fewer metastases and

increased survival as compared to Ja18 KO mice, our CD1d-

expressing TM40D tumor cells showed the opposite effect, with

significantly increased metastasis in the CD1d KO mice as

compared to Ja18 KO mice. Similarly, while the Smyth group was

able to inhibit 4T1 metastatic growth by in vivo anti-CD1d

antibody blockade, our TM40D cells demonstrated significantly

increased metastasis upon in vivo antibody blockade. As antibody

blockade of CD1d-expressing tumors would similarly abrogate

direct type II NKT recruitment, our TM40D cells may not be able

to recruit type II NKT cells, as suggested in the B cell lymphoma

study [51]. Clearly, both tumor and systemic expression of CD1d

are important for preventing metastasis of TM40D tumors.

However, the specific contributions of type I and type II NKT

cells in regulating these tumors, as compared to other adaptive

immune cells, cannot be concluded at this time.

In order to directly assess the role of type I vs. type II NKT cells

in regulating CD1d-deficient tumors in our tumor model, we

implanted TM40D-MB (CD1d-lo) tumors in wildtype, CD1d KO,

Ja18 KO and RAG2KO mice. Similar to TM40D, TM40D-MB

tumors were highly metastatic in the RAG2 KO mice,

demonstrating the importance of adaptive lymphocytes in

regulating both TM40D and TM40D-MB tumors. As with other

type II NKT dominant CD1d-deficient tumor models, TM40D-

MB tumors did not grow at all in CD1d KO mice, yet were able to

grow and metastasize in type I NKT-deficient Ja18 KO mice.

These findings further demonstrate the importance of suppressive

type II NKT cells in promoting tumor progression of tumors with

downregulated CD1d.

Preliminary experiments in our lab with Ja18 KO mice

implanted with TM40D-MB tumors demonstrated a significant

increase in splenic CD49b+ CD4+ TCRb+ cells, believed to be

type II NKT cells (unpublished results). This suggests that while

CD1d expression in these tumor cells is downregulated, they may

still be capable of being recognized by type II NKT cells. One

possible explanation for the discrepancy in recognition of TM40D

and TM40D-MB tumors by type II NKT cells is that it may not

depend solely on the expression level of CD1d. Rather, the ability

of CD1d-expressing tumor cells to promote type I over type II

NKT immune responses may depend more on the type of tumor

antigen presented by CD1d molecules. In support of this theory, a

recent study demonstrated that inflammation-associated lipids

presented by APCs in the tumor microenvironment preferentially

recruit suppressive type II NKT cells [62]. In addition, glycolipid

antigens recognized by type II NKT cells may differ from type I

NKT cells, in that type II NKT activation does not require CD1d

trafficking through endosomes [63,64]. As a tumor progresses, the

tumor microenvironment is well known to induce inflammation,

which facilitates tumor growth and eventually fosters the

recruitment of suppressive immune cells that further promote

metastatic tumor progression [65]. It may be that downregulation

of CD1d by the tumor is a fairly early event in tumor progression,

and thus not associated with the late-stage inflammatory tumor
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microenvironment that preferentially recruits type II NKT cells.

Thus, tumor downregulation of CD1d may be advantageous for

evasion of iNKT-mediated immune surveillance in the early stages

of tumor progression, when antigens presented by tumor cells such

as TM40D may preferentially elicit type I over type II NKT

antitumor immune responses. In late-stage metastatic breast

cancer, such as in TM40D-MB, presentation of inflammatory

tumor antigens by even a low level of CD1d may be sufficient to

drive type II NKT-mediated immune suppression. In our tumor

model, TM40D-MB tumors have been shown to be more

metastatic to lung and significantly more metastatic to bone than

TM40D tumors [8]. While the focus of this study was on early

spontaneous metastasis to lung, future studies characterizing the

ability of TM40D-MB cells in bone to preferentially recruit type II

NKT cells may shed light on mechanisms that increase their bone

metastatic potential.

In summary, the eradication of breast cancer through bolstering

iNKT-mediated antitumor immunity remains a promising thera-

peutic direction. The results of this study further support the

development of immunotherapeutics that increase the activation

and function of type I iNKT cells, while inhibiting the suppressive

effects of type II NKT cells. Based on our findings of the tumor-

promoting effects of anti-CD1d monoclonal antibody treatment of

CD1d-expressing tumor cells, current therapeutic strategies based

on globally inhibiting CD1d by antibody blockade are not

recommended. Rather, the CD1d expression status of the tumor

and the stage of disease progression may be important consider-

ations in tailoring future breast cancer immunotherapies that

effectively promote iNKT-mediated antitumor immunity.

Supporting Information

Figure S1 Downregulation of the gene encoding CD1d in
highly metastatic tumor cells identified by microarray.
Hierarchical cluster diagram of 86 genes (represented by 86 probe

sets) that were over- and under-expressed in cells highly metastatic

to bone (TM40D-MB) compared to TM40D cells. The Affymetrix

probe set number, fold differences, P-value and identities of the

genes are indicated. Data were analyzed by the Gene-Spring 5.0.3

array data analysis software (Silicon Genetics, Redwood City, CA)

and were normalized in the dChip software (Harvard School of

Public Health and Dana-Farber Cancer Institute, Boston, MA).

(TIF)

Acknowledgments

We thank the NIH tetramer Core facility for supplying the PBS-57-loaded

CD1d tetramers. This work was supported by the Northwestern University

Interdepartmental ImmunoBiology Flow Cytometry Core Facility.

Author Contributions

Conceived and designed the experiments: LMH PLS CRW MZ.

Performed the experiments: LMH YHS. Analyzed the data: LMH PLS

CRW MZ. Contributed reagents/materials/analysis tools: RRB CRW.

Wrote the paper: LMH.

References

1. Zhou J, Zhong Y (2004) Breast cancer immunotherapy. Cell Mol Immunol 1:

247–255.

2. Gross S, Walden P (2008) Immunosuppressive mechanisms in human tumors:

why we still cannot cure cancer. Immunol Lett 116: 7–14.

3. Fidler IJ (2002) Critical determinants of metastasis. Semin Cancer Biol 12:

89–96.

4. Dunn GP, Bruce AT, Ikeda H, Old LJ, Schreiber RD (2002) Cancer

immunoediting: from immunosurveillance to tumor escape. Nat Immunol 3:

991–998.

5. Khong HT, Restifo NP (2002) Natural selection of tumor variants in the

generation of ‘‘tumor escape’’ phenotypes. Nat Immunol 3: 999–1005.

6. Algarra I, Garcia-Lora A, Cabrera T, Ruiz-Cabello F, Garrido F (2004) The

selection of tumor variants with altered expression of classical and nonclassical

MHC class I molecules: implications for tumor immune escape. Cancer

Immunol Immunother 53: 904–910.

7. Jager D, Jager E, Knuth A (2001) Immune responses to tumour antigens:

implications for antigen specific immunotherapy of cancer. J Clin Pathol 54:

669–674.

8. Li Z, Schem C, Shi YH, Medina D, Zhang M (2008) Increased COX2

expression enhances tumor-induced osteoclastic lesions in breast cancer bone

metastasis. Clin Exp Metastasis 25: 389–400.

9. Kang Y, Siegel PM, Shu W, Drobnjak M, Kakonen SM, et al. (2003) A

multigenic program mediating breast cancer metastasis to bone. Cancer Cell 3:

537–549.

10. Vincent MS, Gumperz JE, Brenner MB (2003) Understanding the function of

CD1-restricted T cells. Nat Immunol 4: 517–523.

11. Bendelac A, Killeen N, Littman DR, Schwartz RH (1994) A subset of CD4+
thymocytes selected by MHC class I molecules. Science 263: 1774–1778.

12. Imai K, Kanno M, Kimoto H, Shigemoto K, Yamamoto S, et al. (1986)

Sequence and expression of transcripts of the T-cell antigen receptor alpha-

chain gene in a functional, antigen-specific suppressor-T-cell hybridoma. Proc

Natl Acad Sci U S A 83: 8708–8712.

13. Godfrey DI, MacDonald HR, Kronenberg M, Smyth MJ, Van Kaer L (2004)

NKT cells: what’s in a name? Nat Rev Immunol 4: 231–237.

14. Berzofsky JA, Terabe M (2009) The contrasting roles of NKT cells in tumor

immunity. Curr Mol Med 9: 667–672.

15. Tachibana T, Onodera H, Tsuruyama T, Mori A, Nagayama S, et al. (2005)

Increased intratumor Valpha24-positive natural killer T cells: a prognostic factor

for primary colorectal carcinomas. Clin Cancer Res 11: 7322–7327.

16. 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.

17. Molling JW, Langius JA, Langendijk JA, Leemans CR, Bontkes HJ, et al. (2007)

Low levels of circulating invariant natural killer T cells predict poor clinical

outcome in patients with head and neck squamous cell carcinoma. J Clin Oncol

25: 862–868.

18. Reome JB, Hylind JC, Dutton RW, Dobrzanski MJ (2004) Type 1 and type 2
tumor infiltrating effector cell subpopulations in progressive breast cancer. Clin

Immunol 111: 69–81.

19. Cerundolo V, Silk JD, Masri SH, Salio M (2009) Harnessing invariant NKT

cells in vaccination strategies. Nat Rev Immunol 9: 28–38.

20. Dhodapkar MV (2009) Harnessing human CD1d restricted T cells for tumor

immunity: progress and challenges. Front Biosci 14: 796–807.

21. Taniguchi M, Harada M, Kojo S, Nakayama T, Wakao H (2003) The

regulatory role of Valpha14 NKT cells in innate and acquired immune response.
Annu Rev Immunol 21: 483–513.

22. Eberl G, Brawand P, MacDonald HR (2000) Selective bystander proliferation of
memory CD4+ and CD8+ T cells upon NK T or T cell activation. J Immunol

165: 4305–4311.

23. Hong C, Lee H, Park YK, Shin J, Jung S, et al. (2009) Regulation of secondary
antigen-specific CD8(+) T-cell responses by natural killer T cells. Cancer Res 69:

4301–4308.

24. Kawano T, Cui J, Koezuka Y, Toura I, Kaneko Y, et al. (1998) Natural killer-

like nonspecific tumor cell lysis mediated by specific ligand-activated Valpha14
NKT cells. Proc Natl Acad Sci U S A 95: 5690–5693.

25. Haraguchi K, Takahashi T, Nakahara F, Matsumoto A, Kurokawa M, et al.
(2006) CD1d expression level in tumor cells is an important determinant for anti-

tumor immunity by natural killer T cells. Leuk Lymphoma 47: 2218–2223.

26. 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.

27. Brigl M, Brenner MB (2004) CD1: antigen presentation and T cell function.

Annu Rev Immunol 22: 817–890.

28. Fiedler T, Walter W, Reichert TE, Maeurer MJ (2002) Regulation of CD1d

expression by murine tumor cells: escape from immunosurveillance or alternate
target molecules? Int J Cancer 98: 389–397.

29. Miura S, Kawana K, Schust DJ, Fujii T, Yokoyama T, et al. (2010) CD1d, a
sentinel molecule bridging innate and adaptive immunity, is downregulated by

the human papillomavirus (HPV) E5 protein: a possible mechanism for immune

evasion by HPV. J Virol 84: 11614–11623.

30. Mendiratta SK, Martin WD, Hong S, Boesteanu A, Joyce S, et al. (1997) CD1d1

mutant mice are deficient in natural T cells that promptly produce IL-4.
Immunity 6: 469–477.

31. Shinkai Y, Rathbun G, Lam KP, Oltz EM, Stewart V, et al. (1992) RAG-2-
deficient mice lack mature lymphocytes owing to inability to initiate V(D)J

rearrangement. Cell 68: 855–867.

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

Valpha14 NKT cells in IL-12-mediated rejection of tumors. Science 278:
1623–1626.

NKT-Mediated Antitumor Immunity in Breast Cancer

PLoS ONE | www.plosone.org 12 June 2011 | Volume 6 | Issue 6 | e20702



33. Kittrell FS, Oborn CJ, Medina D (1992) Development of mammary

preneoplasias in vivo from mouse mammary epithelial cell lines in vitro. Cancer
Res 52: 1924–1932.

34. Li Y, Tondravi M, Liu J, Smith E, Haudenschild CC, et al. (2001) Cortactin

potentiates bone metastasis of breast cancer cells. Cancer Res 61: 6906–6911.
35. Shi HY, Zhang W, Liang R, Abraham S, Kittrell FS, et al. (2001) Blocking

tumor growth, invasion, and metastasis by maspin in a syngeneic breast cancer
model. Cancer Res 61: 6945–6951.

36. Carson F (1992) Histotechnology: A Self-Instructional Text: ASCP Press.

37. Terabe M, Swann J, Ambrosino E, Sinha P, Takaku S, et al. (2005) A
nonclassical non-Valpha14Jalpha18 CD1d-restricted (type II) NKT cell is

sufficient for down-regulation of tumor immunosurveillance. J Exp Med 202:
1627–1633.

38. Stanic AK, De Silva AD, Park JJ, Sriram V, Ichikawa S, et al. (2003) Defective
presentation of the CD1d1-restricted natural Va14Ja18 NKT lymphocyte

antigen caused by beta-D-glucosylceramide synthase deficiency. Proc Natl Acad

Sci U S A 100: 1849–1854.
39. Band V, Sager R (1989) Distinctive traits of normal and tumor-derived human

mammary epithelial cells expressed in a medium that supports long-term growth
of both cell types. Proc Natl Acad Sci U S A 86: 1249–1253.

40. Brinkley BR, Beall PT, Wible LJ, Mace ML, Turner DS, et al. (1980) Variations

in cell form and cytoskeleton in human breast carcinoma cells in vitro. Cancer
Res 40: 3118–3129.

41. Chen QY, Jackson N (2004) Human CD1D gene has TATA boxless dual
promoters: an SP1-binding element determines the function of the proximal

promoter. J Immunol 172: 5512–5521.
42. Watarai H, Nakagawa R, Omori-Miyake M, Dashtsoodol N, Taniguchi M

(2008) Methods for detection, isolation and culture of mouse and human

invariant NKT cells. Nat Protoc 3: 70–78.
43. Tanaka K, Koga Y, Taniguchi K, Kamikaseda K, Nomoto K (1986) T cell

recruitment from the thymus to the spleen in tumor-bearing mice. I. Analysis of
recruited cells by surface markers. Cancer Immunol Immunother 22: 37–42.

44. Brossay L, Jullien D, Cardell S, Sydora BC, Burdin N, et al. (1997) Mouse CD1

is mainly expressed on hemopoietic-derived cells. J Immunol 159: 1216–1224.
45. Weidmann E, Brieger J, Jahn B, Hoelzer D, Bergmann L, et al. (1995) Lactate

dehydrogenase-release assay: a reliable, nonradioactive technique for analysis of
cytotoxic lymphocyte-mediated lytic activity against blasts from acute myelocytic

leukemia. Ann Hematol 70: 153–158.
46. van ’t Veer LJ, Dai H, van de Vijver MJ, He YD, Hart AA, et al. (2002) Gene

expression profiling predicts clinical outcome of breast cancer. Nature 415:

530–536.
47. Ramaswamy S, Ross KN, Lander ES, Golub TR (2003) A molecular signature

of metastasis in primary solid tumors. Nat Genet 33: 49–54.
48. Canchis PW, Bhan AK, Landau SB, Yang L, Balk SP, et al. (1993) Tissue

distribution of the non-polymorphic major histocompatibility complex class

I-like molecule, CD1d. Immunology 80: 561–565.
49. Metelitsa LS (2010) Anti-tumor potential of type-I NKT cells against CD1d-

positive and CD1d-negative tumors in humans. Clin Immunol.

50. Dhodapkar KM, Cirignano B, Chamian F, Zagzag D, Miller DC, et al. (2004)

Invariant natural killer T cells are preserved in patients with glioma and exhibit

antitumor lytic activity following dendritic cell-mediated expansion. Int J Cancer

109: 893–899.

51. Renukaradhya GJ, Khan MA, Vieira M, Du W, Gervay-Hague J, et al. (2008)

Type I NKT cells protect (and type II NKT cells suppress) the host’s innate

antitumor immune response to a B-cell lymphoma. Blood 111: 5637–5645.

52. Miyagi T, Takehara T, Tatsumi T, Kanto T, Suzuki T, et al. (2003) CD1d-

mediated stimulation of natural killer T cells selectively activates hepatic natural

killer cells to eliminate experimentally disseminated hepatoma cells in murine

liver. Int J Cancer 106: 81–89.

53. Teng MW, Yue S, Sharkey J, Exley MA, Smyth MJ (2009) CD1d activation and

blockade: a new antitumor strategy. J Immunol 182: 3366–3371.

54. Teng MW, Sharkey J, McLaughlin NM, Exley MA, Smyth MJ (2009) CD1d-

based combination therapy eradicates established tumors in mice. J Immunol

183: 1911–1920.

55. Yue SC, Shaulov A, Wang R, Balk SP, Exley MA (2005) CD1d ligation on

human monocytes directly signals rapid NF-kappaB activation and production

of bioactive IL-12. Proc Natl Acad Sci U S A 102: 11811–11816.

56. Shankaran V, Ikeda H, Bruce AT, White JM, Swanson PE, et al. (2001)

IFNgamma and lymphocytes prevent primary tumour development and shape

tumour immunogenicity. Nature 410: 1107–1111.

57. Crowe NY, Smyth MJ, Godfrey DI (2002) A critical role for natural killer T cells

in immunosurveillance of methylcholanthrene-induced sarcomas. J Exp Med

196: 119–127.

58. Crowe NY, Coquet JM, Berzins SP, Kyparissoudis K, Keating R, et al. (2005)

Differential antitumor immunity mediated by NKT cell subsets in vivo. J Exp

Med 202: 1279–1288.

59. Nowak M, Arredouani MS, Tun-Kyi A, Schmidt-Wolf I, Sanda MG, et al.

(2010) Defective NKT cell activation by CD1d+ TRAMP prostate tumor cells is

corrected by interleukin-12 with alpha-galactosylceramide. PLoS One 5:

e11311.

60. Cailleau R, Olive M, Cruciger QV (1978) Long-term human breast carcinoma

cell lines of metastatic origin: preliminary characterization. In Vitro 14:

911–915.

61. Chen QY, Jackson N, Vargas A, Chalew S, Rao J, et al. (2003) Identification of

three genomic haplotypes 59 to the human CD1D gene and their distribution in

four ethnic groups. Tissue Antigens 62: 442–448.

62. Nagarajan NA, Kronenberg M (2007) Invariant NKT cells amplify the innate

immune response to lipopolysaccharide. J Immunol 178: 2706–2713.

63. Chiu YH, Park SH, Benlagha K, Forestier C, Jayawardena-Wolf J, et al. (2002)

Multiple defects in antigen presentation and T cell development by mice

expressing cytoplasmic tail-truncated CD1d. Nat Immunol 3: 55–60.

64. Roberts TJ, Sriram V, Spence PM, Gui M, Hayakawa K, et al. (2002) Recycling

CD1d1 molecules present endogenous antigens processed in an endocytic

compartment to NKT cells. J Immunol 168: 5409–5414.

65. Coussens LM, Werb Z (2002) Inflammation and cancer. Nature 420: 860–867.

NKT-Mediated Antitumor Immunity in Breast Cancer

PLoS ONE | www.plosone.org 13 June 2011 | Volume 6 | Issue 6 | e20702


