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Abstract

The T cell response to B cell lymphomas differs from the majority of solid tumors in that the malignant cells themselves are
derived from B lymphocytes, key players in immune response. B cell lymphomas are therefore well situated to manipulate
their surrounding microenvironment to enhance tumor growth and minimize anti-tumor T cell responses. We analyzed the
effect of T cells on the growth of a transplantable B cell lymphoma and found that iNKT cells suppressed the anti-tumor
CD8+ T cell response. Lymphoma cells transplanted into syngeneic wild type (WT) mice or Jalpha182/2 mice that specifically
lack iNKT cells grew initially at the same rate, but only the mice lacking iNKT cells were able to reject the lymphoma. This
effect was due to the enhanced activity of tumor-specific CD8+ T cells in the absence of iNKT cells, and could be partially
reversed by reconstitution of iNKT cells in Jalpha 182/2 mice. Treatment of tumor-bearing WT mice with alpha -galactosyl
ceramide, an activating ligand for iNKT cells, reduced the number of tumor-specific CD8+ T cells. In contrast, lymphoma
growth in CD1d12/2 mice that lack both iNKT and type II NKT cells was similar to that in WT mice, suggesting that type II
NKT cells are required for full activation of the anti-tumor immune response. This study reveals a tumor-promoting role for
iNKT cells and suggests their capacity to inhibit the CD8+ T cell response to B cell lymphoma by opposing the effects of type
II NKT cells.
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Introduction

Along with CD4+ FoxP3+ regulatory T cells, natural killer T

cells (NKT cells) often play important regulatory roles in T cell

responses to cancer and infection [1,2]. NKT cells are a sub-

population of alpha/beta-T cells that recognize lipid antigens

presented by the non-classical MHC molecule, CD1d. Found in

both mice and humans, NKT cells exert important immunoreg-

ulatory and effector functions and can express a variety of

cytokines rapidly upon activation [3]. Although originally defined

as NK1.1-expressing T cells, NKT cells contain both NK1.1+ and

NK1.12 populations [4–5]. NKT cells can be divided into two

major populations based on their antigen reactivity and TCR

expression. Semi-invariant NKT (iNKT) cells represent the

predominant NKT cell subset in mice and humans and are

defined by the expression of a semi-invariant T cell receptor

(TCR). iNKT cell TCRs contain an invariant TCRalpha

rearrangement (Valpha14-Jalpha18 in mice, Valpha24-Jalpha18

in humans) paired with a limited collection of TCRbeta chains

(Vbetas 8.2, 7 and 2 in mice, Vbeta11 in humans) [3]. These

TCRs react with the marine sponge-derived antigen, a-Galacto-

sylceramide, and other glycolipids presented by CD1d [6,7]. Type

II NKT cells are also CD1d-restricted but their TCRs do not

utilize the invariant TCRalpha chain present in iNKT cells and do

not respond to alphaGalCer [2,5]. Type II NKT cells are less well

understood than iNKT cells due to the lack of a well defined cell

surface marker or genetic system for their study.

iNKT cells are usually associated with the activation of the anti-

tumor immune response, and Jalpha182/2 mice, which specifi-

cally lack iNKT cells, have increased cancer susceptibility in

several cancer models (reviewed in [2]). In addition, in vivo

stimulation of iNKT cells with alpha-GalCer induces a potent

anti-tumor immune response [8,9] that is thought to be mediated

through their production of IFNgamma, thereby promoting the

antitumor functions of NK and CD8+ T cells [2,10,11]. In contrast

to iNKT cells, type II NKT cells are typically associated with

inhibition of the anti-tumor immune response [2,12–14]. Work in

several tumor models has demonstrated that the immune-

activating effects of iNKT cells and the immunosuppressive effects

of type II NKT cells can occur simultaneously [13,14], suggesting

that antagonism between iNKT and type II NKT is an important

mechanism regulating anti-tumor immune responses, and that

counter-regulation by NKT cells may be important for balancing

self- or tumor-reactive immune responses.

Burkitt’s lymphoma (BL) is an aggressive B cell lymphoma. In

85% of cases it is caused by a translocation of the MYC
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transcription factor that places it under the influence of the

immunoglobulin heavy or light chain enhancer (t8;14 or t8;22).

The t(8;14) translocation has been modeled experimentally in the

E-mu-MYC mouse [15], a valuable tool for the study of B cell

lymphoma development and MYC oncogene function. Crossing

the E-mu-MYC transgene into mice transgenic for the B cell

receptor specific for hen egg lysozyme (BCRHEL) and expressing

the HEL antigen yields lymphomas that are more aggressive than

primary E-mu-MYC lymphomas. These E-mu-MYC/BCRHEL/

sHEL lymphomas (TBLs – Triple Transgenic B cell Lymphoma)

most closely resemble human BL [16].

We sought to investigate the T cell response to such a B cell

lymphoma. Using a murine model of Burkitt’s lymphoma, we

found that iNKT cells surprisingly promote lymphoma growth by

limiting the anti-tumor CD8+ T cell response. In the absence of

iNKT cells, CD8+ T cell responses lead to tumor clearance and

enhanced tumor-free survival. Further, we demonstrate that

stimulation of iNKT cells in tumor-bearing mice with alpha-

GalCer leads to enhanced suppression of CD8+ T cells. Finally,

experiments in CD1d12/2 mice suggest that type II NKT cells

positively affect the anti-tumor CD8+ T cell response. Our data

suggest a role-reversal for both NKT cell subsets where iNKT cells

suppress and type II NKT cells enhance anti-tumor immunity in B

cell lymphoma. The results presented here may challenge the

utility of iNKT activating therapies for patients with B cell

lymphoma, and suggest that iNKT and type II NKT cells can

exert opposing effects on the anti-tumor T cell response.

Results

Mice Deficient in ab T Cells have Reduced Tumor
Burdens
To assess the role of T cells in response to systemic B cell

lymphoma, we used a system in which GFP-expressing tumor cells

were transplanted into cohorts of T cell deficient mice. We

analyzed CD3-epsilon2/2 mice for tumor growth following

transplantation of 105 GFP+ TBL (Triple-Transgenic B cell

Lymphoma) lymphoma cells, which are derived from an E-mu-

MYC/BCRHEL/sHEL transgenic mouse [16,17]. Fourteen days

after transplant, tumor growth was quantified in the lymph nodes

(LN, pooled inguinal, axillary, and brachial) and spleen by cell

counts and flow cytometry. Surprisingly, tumor burden was

reduced in both the LNs and spleens of CD3epsilon2/2 mice

compared to WT controls (Figure 1). This was apparent in both

the frequency (Figure 1A) and number (Figure 1B) of tumor cells.

The absence of T cells resulted in an 18-fold decrease in tumor

cells in the LN and a 3-fold decrease in the spleen. Similar results

were observed upon transplantation into Rag-12/2 mice (data not

shown).

To define more precisely which subset of T cells was responsible

for the increased lymphoma growth seen in T cell sufficient

animals, we first assessed tumor growth in TCRbeta2/2 and

TCRdelta2/2 mice. Tumor growth was significantly reduced in

TCRbeta2/2 mice (Figure 1C), to an extent similar to that in

CD3epsilon2/2 mice. Interestingly, we observed intermediate

tumor growth in the TCRdelta2/2 strain. These mice had

a reduction in tumor growth in LNs, and the numbers of tumor

cells in LNs were statistically different from those in both WT and

TCRbeta2/2 mice (Figure 1C). These data may suggest that while

gamma-delta T cells support tumor growth in this model, they do

so to a lesser degree than alpha-beta T cells. Because loss of alpha-

beta T cells resulted in significantly fewer tumor cells compared to

both WT and TCRdelta2/2 strains (Figure 1D), we focused

further efforts on this T cell population.

iNKT Cells are Required for Tumor Growth
To characterize further the alpha-beta-T cell subtype re-

sponsible for the promotion of tumor growth, we analyzed tumor

growth in CD42/2 and CD82/2 mice. To our surprise, the

absence of either CD4+ or CD8+ T cells had no effect on tumor

growth (Figure 2A–B), suggesting that neither cell type alone was

critical for lymphoma growth. Because iNKT cells in mice are

either double negative (DN) or CD4+, but not CD8+, and are

present in both CD42/2 and CD82/2 mice [18], these data raised

the possibility that iNKT cells might play a role in potentiating

tumor growth. To test this hypothesis, we transplanted B cell

lymphoma cells into iNKT cell deficient, Jalpha182/2 mice and

analyzed tumor development 14 days later. Tumor growth in

Jalpha182/2 mice was tremendously reduced compared to that in

WT mice (Figure 2C–D). Further, while all WT mice (10/10)

developed tumors by 15 days post-transplant, most Ja182/2 mice

(7/8) remained tumor free for at least 50 days (p = .008) (Fig. 2E),

suggesting that the presence of iNKT cells is critical for the growth

of the transplanted lymphoma.

To further examine the role of NKT cells in tumor growth we

utilized a second NKT cell-deficient strain, CD1d12/2 mice.

These mice lack both iNKT and type II NKT cells due to the

absence of CD1d, the NKT cell selecting ligand. After tumor

transplant into CD1d12/2 mice, tumor growth in these mice was

nearly identical to WT mice, although there was a small but

significant decrease in tumor growth in the spleens of CD1d12/2

mice when compared with WT mice (Figure 2F). Because

CD1d12/2 mice lack iNKT cells like Jalpha182/2, these data

were surprising considering the marked decrease in tumor growth

in Jalpha182/2 mice and suggested that, in this system, type II

NKT cells may have anti-tumor functions that counteract the pro-

tumor effects of iNKT cells.

To confirm that iNKT cells were promoting in the growth of B-

cell lymphoma in vivo we transferred total leukocytes from the

livers of wild type or Jalpha182/2 mice into Ja182/2 recipient

mice. Liver mononuclear cells from wild type mice are highly

enriched for iNKT cells (,30%), whereas those from Jalpha182/2

mice are devoid of iNKT cells. Transfer of liver iNKT cells from

WT mice to Jalpha182/2 mice resulted in clearly detectable

tumor growth in the liver and spleen 10 days later, while tumor

cells were undetectable in control mice receiving liver cells from

Jalpha182/2 mice (Figure 3). The differential effects of cells from

WT versus Jalpha182/2 mice strongly suggest that it is the

presence or absence of iNKT cells that leads to the different

outcomes of the two transfers.

We also reconstituted the iNKT cell compartment in

Jalpha182/2 mice by generating bone marrow chimeras.

Jalpha182/2 recipient mice were transplanted with either WT

(C57BL/6) bone marrow to repopulate the iNKT cell population

or with Ja182/2 bone marrow as a control. After allowing for

reconstitution of the immune system, mice were transplanted

intravenously with 105 TBL tumor cells. Mice receiving WT bone

marrow had large numbers of tumor cells in the spleen, LN and

livers 14 days later, while control mice receiving bone marrow

from Jalpha182/2 mice reduced tumor burdens in each of these

organs (Figure S1). At the time of tumor analysis, partial

restoration of iNKT cell numbers was observed in mice

reconstituted with WT bone marrow but not in mice reconstituted

with Jalpha182/2 cells (data not shown). Together, these

experiments are consistent with a role for iNKT cells in promoting

lymphoma growth.

iNKT Cells Limit the Anti-Lymphoma T Cell Response
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CD8+ T Cells Mediate Effective Antitumor Immunity in
the Absence of iNKT Cells
We next tested whether iNKT cells were directly promoting the

growth of the lymphoma cells or if they were modulation the

specific anti-tumor immune response. We compared tumor

growth in Jaalpha182/2 mice and WT mice beginning at day 6

post transplant and continuing every other day until day 14. We

focused our analysis on the liver and spleen because, in WT mice,

tumor cells are found in the liver and spleen at early time points

and only accumulate in the LN after about day 10 post transplant

(Figure S2). Tumor cells were readily detectable in the livers of

both WT and Jalpha182/2 mice 6 and 8 days after transplant,

suggesting that the iNKT cells have little effect on the early stages

of tumor growth (Figure 4). However, tumor cells were nearly

undetectable in Jalpha182/2 mice 10 days after transplant, while

tumor growth progressed in WT mice (Figure 4A–B). This pattern

of initial tumor growth followed by rapid regression is reminiscent

of the immune-mediated tumor rejection observed in the MCA

sarcoma model [19] and suggests that the reduced tumor growth

in Jalpha182/2, iNKT cell deficient, mice is due to immune-

mediated tumor rejection that is otherwise ineffective when iNKT

cells are present. Because Jalpha182/2 mice were made on

a 129sv/J genetic background prior to backcrossing to C57Bl6

[20], we analyzed tumor growth after transplant into B6x129 F1

mice to rule out lymphoma rejection caused by remaining minor

histocompatibility differences that may exist between Jalpha182/2

and C57BL6 strains. Tumor growth was equivalent in C57Bl6 and

B6x129 F1 mice, suggesting that minor histocompatibility antigens

are unlikely to be causing the rejection phenotype.

CD8+ cytotoxic T cells and NK cells are important lymphocyte

populations involved in the control of cancer by the immune

system [21]. Loss of these cell types can result in outgrowth of

dormant tumors or a failure to reject highly immunogenic tumors

[19,22]. To determine if these cell populations were responsible for

tumor rejection in Jalpha182/2 mice, we performed cell depletion

experiments using monoclonal antibodies specific for NK cells or

CD8+ T cells. Jalpha182/2 mice were inoculated with TBL cells

and were treated three and seven days later with depleting

antibodies to either CD8+ T cells (anti-CD8), NK cells (anti-

NK1.1), or both cell types simultaneously. Depletion was verified

Figure 1. T cells promote tumor growth. (A and B) WT and CD3epsilon2/2 mice were analyzed 14 days after tumor transplant. Spleen and
pooled LN (inguinal, axillary, brachial) cells were stained for flow cytometry. (A) Plots are gated on live cells and numbers indicate the frequency of
GFP+CD19+ tumor cells present in each organ. (B) The number of tumor cells in the LN and spleen in WT and CD3epsilon2/2 mice was determined by
flow cytometry (n = 11–19 pooled from at least 3 independent experiments). (C and D) The frequency (C) and number (D) of tumor cells present in the
LN on day 14 was determined by flow cytometry for WT, TCRdelta2/2, and TCRbeta2/2 mice (n = 13–14 pooled from 3 independent experiments).
*p,.05, **p,.01, ***p,.001.
doi:10.1371/journal.pone.0042635.g001

iNKT Cells Limit the Anti-Lymphoma T Cell Response
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Figure 2. iNKT cells promote tumor growth. (A and B) The (A) frequency and (B) number of tumor cells was calculated for LN (and spleen in A)
from WT, CD42/2, and CD82/2 mice on day 14 after lymphoma transplant (n = 5–9 pooled from 2 independent experiments). (C) LN and spleen cells
from tumor-transplanted WT and Jalpha182/2 mice were analyzed by flow cytometry for the presence of tumor cells. The numbers on the plots
indicate the percentage of all TCRbeta-CD11b- cells that were GFP+CD19+ tumor cells. (D) The numbers of tumor cells present in the LN and spleens
of WT and Ja182/2 mice were determined by flow cytometry (n = 9–11 pooled from three independent experiments). (E) Tumor-free survival of WT
and Jalpha182/2 mice was assessed (n = 8–10 from two experiments, p = .008). (F) WT and CD1d12/2 mice were transplanted with 105 TBL-GFP cells.
Fourteen days later, the number of tumor cells present in the spleen and LN was determined. *p,.05, ***p,.001.
doi:10.1371/journal.pone.0042635.g002

Figure 3. Reconstitution of iNKT cells promotes tumor growth in Jalpha182/2 mice. (A) Liver mononuclear cells from WT (iNKT) and
Jalpha182/2 mice (Control) were adoptively transferred into Jalpha182/2 recipients. 105 lymphoma cells were transplanted one day later and tumor
growth in the liver was analyzed on day 10 post-transplant. Representative flow plots are gated on CD11b-Gr1-CD4-CD8- cells, and the number on the
plot represents the percentage of gated cells that were CD19+GFP+ tumor cells. (B-C) The frequency (B) of tumor cells among all IHL and the absolute
number of tumor cells (C) from a total of 6–7 mice in three independent experiments are shown. *p,.05.
doi:10.1371/journal.pone.0042635.g003

iNKT Cells Limit the Anti-Lymphoma T Cell Response
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by flow cytometry at the time of analysis (data not shown).

Depletion of NK cells alone had no effect on tumor growth

compared with control antibody (anti-human DR1). CD8+ T cell

depletion resulted in increased tumor growth compared to control

treated or NK cell depleted mice (Figure 5A–B), indicating that

CD8+ T cells are required for tumor rejection. Depletion of both

CD8+ T cells and NK cells had no statistically greater effect on

tumor cell accumulation than depletion of CD8+ T cells alone

(Figure 5C), indicating that NK cells were not a significant

contributor to tumor clearance in Jalpha182/2 mice. Interesting-

ly, while there was reduced tumor growth in CD3e2/2 and

TCRb2/2 mice (Figure 1), which both lack iNKT cells and CD8+

T cells, this did not seem to be mediated by increased NK cell

activity, as depletion of NK cells in TCRbeta2/2 mice had no

effect on tumor growth (Data not shown). Therefore, it remains

possible that some type of T cell may promote lymphoma growth

via a mechanism distinct from iNKT cell suppression of the CD8+

T cell response.

Lymphoma Specific CD8+ T Cell Responses are Enhanced
in the Absence of iNKT Cells
To further explore the effects of iNKT cells on the anti-tumor

CD8+ T cell response further, we engineered the TBL tumor cells

to express the experimental antigen ovalbumin (TBL-OVA) by

retroviral transduction. This allowed us to track CD8+ T cell

responses to tumor cells using MHC class I tetramers [23]. OVA

(tumor) specific CD8+ T cell responses on day 8 after tumor

transplant were readily detectable in Jalpha182/2 mice, whereas

wild type mice had a significantly reduced proportion and number

of OVA-specific CD8+ T cells (Figure 6A–B). Tumor specific T

cells were present in the highest proportion among the

intrahepatic leukocytes and were less frequent in the spleen

(Figure 6A). Very few tumor-specific CD8+ T cells could be found

in the LNs of either strain (Figure 6A), perhaps because few tumor

cells have reached the lymph nodes by this early time point (Figure

S1). These data are consistent with our earlier findings that CD8+

T cells reduce tumor burden in Jalpha182/2 mice (Figure 5).

A comparison of the tumor growth phenotypes in CD1d2/2

and Jalpha182/2 mice suggested that type II NKT cells may

inhibit lymphoma growth in the absence of iNKT cells (Figure 2F).

In support of this hypothesis, analysis of the tumor-specific CD8+

T cell response in CD1d12/2 mice using TBL-OVA cells and Kb/

SIINFEKL tetramers indicated that the anti-tumor CD8+ T cell

response was similar to that seen in WT mice (Figure 6C). This

was in contrast to the response in Jalpha182/2 mice, which was

enhanced compared to WT controls (Figure 6C). In the absence of

type II NKT cells, anti-tumor CD8+ T cells in CD1d12/2 mice

fail to fully expand in response to the tumor, and this response is

numerically comparable to the suppressed CTL response seen in

WT mice.

Immunization at the Time of Tumor Transplant
Overcomes iNKT-cell Mediated CTL Suppression
To find out whether the absence of iNKT cells affected the

CD8+ T cell response to OVA in a context outside of lymphoma

growth, we intravenously immunized WT and Jalpha182/2 mice

with either 105 TBL-OVA cells or 105 OVA-peptide pulsed bone

marrow derived dendritic cells (BMDC) and assessed the OVA-

specific CD8+ T cell response in the spleen 8 days later. The

frequency of OVA-specific CD8+ T cells was identical in BMDC-

immunized WT and Jalpha182/2 mice, and was similar to the

response seen in Jalpha182/2 mice given TBL-OVA cells

(Figure 6D–E). However, the frequency of OVA-reactive CD8+

T cells in TBL-OVA transplanted WT mice was significantly

reduced compared with all other groups, suggesting that the

lymphoma microenvironment is necessary for the suppressed

CD8+ T cell response seen in WT mice. These results indicate that

the decreased number of OVA-specific CD8+ T cells in tumor-

bearing WT mice is due to tumor-induced modulation of the

immune system (via iNKT cells) that can be reversed when iNKT

cells are removed from the system.

In further support of this hypothesis, WT mice transplanted

with TBL-GFP tumors and simultaneously immunized with

SIINFEKL-pulsed BMDC showed a reduction in the number of

anti-OVA CD8+ T cells compared to mice receiving only

SIINFEKL-pulsed BMDC (Figure 6F). These results argue that

the growth of the TBL tumor is able to suppress the immune

response to BMDC immunization against an independent antigen.

In contrast, when BMDC immunization with SIINFEKL peptide

was simultaneous with TBL-OVA transplant, an enhanced CD8+

T cell responses and a reduction in lymphoma growth was induced

(Figure 6F–G), indicating that immunization at the time of tumor

transplant can induce a CD8+ T cell response that is sufficient to

affect tumor burden. These data suggest that the lymphoma-

induced immunosuppression by iNKT cells on tumor growth is

a late event that is not present immediately after lymphoma

Figure 4. Tumor cells engraft in Jalpha182/2 mice but are rejected. The frequency of tumor cells present among intrahepatic leukocytes was
determined 6, 8, 10, 12, and 14 days after transplant in Jalpha182/2 or WT mice. Data are (A) representative FACS plots and (B) combined data from 2
independent experiments (n = 2 for days 12 and 14, n = 3–7 for all other timepoints).
doi:10.1371/journal.pone.0042635.g004

iNKT Cells Limit the Anti-Lymphoma T Cell Response
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transplant, therefore allowing for effective CTL priming and

expansion by simultaneous BMDC immunization.

Alpha-GalCer Administration Further Suppresses the
CD8+ T Cell Response
Although the number of tumor specific CD8+ T cells in WT

tumor-bearing mice was reduced 8 days after transfer of the

tumor, this number was nearly the same in WT and Jalpha182/2

mice 11 days after transplant (Fig. 7). These observations suggest

that iNKT cells might delay the CD8+ T cell response to

lymphoma antigens rather than inhibit it entirely. If true,

stimulation of iNKT cells during tumor growth could potentially

downregulate further the CD8+ T cell response, since iNKT cells

suppress the CD8+ T cell response to tumor in WT mice.

To test this hypothesis, WT mice were given TBL-OVA tumor

cells and treated with 1 mg alpha-GalCer 1,5, and 9 days after

tumor transplant, and CD8+ T cell responses were analyzed on

day 11, (Figure 7A). alpha-GalCer treatment reduced the number

of tumor-specific T cells compared to vehicle treated controls

(Figure 7A–B). The suppression of CD8+ T cell responses by

alpha-GalCer was apparent in both the number (Figure 7B) and

frequency (Figure 7A) of tumor-reactive CD8+ T cells. This effect

was significant in both the spleen (p,.0001) and liver (p = .0002),

while the differences in LNs followed a similar trend but did not

reach statistical significance (p = .062). Finally, no significant

difference in tumor growth between vehicle and alpha-GalCer-

treated WT mice was observed (Figure 7C), suggesting that the

CD8+ T cell response in vehicle-treated WT mice is insufficient to

affect tumor growth. This is in line with our observations using

CD82/2 mice. Taken together, these data demonstrate that iNKT

cells have the ability to suppress the anti-tumor CD8+ T cell

response to Burkitt’s lymphoma.

Discussion

In this study, we investigated the T cell response to a systemically

disseminated B cell lymphoma model and found that iNKT and

type II NKT cells are critical regulators of the antitumor CD8+ T

cell response. We show that in the absence of iNKT cells,

lymphoma cells expand in numbers at early time points but appear

to be rejected 8–10 days after transplant. This rejection involves

CD8+ T cells and allows for long-term tumor free survival in

Jalpha182/2 mice. CD8+ T cell responses to OVA-expressing

lymphoma cells were vigorous in mice lacking only iNKT cells,

were largely reduced in mice containing iNKT cells, and could be

further limited in WT mice by the iNKT cell activating ligand

alpha-GalCer. The suppressive effects of iNKT cells were

Figure 5. In the absence of iNKT cells, CD8+ T cells are required for tumor clearance. (A and B) The frequency of tumor cells in the spleens
of tumor transplanted Jalpha182/2 mice treated with control (anti-human DR1), anti-NK1.1, anti-CD8, or both anti-NK1.1 and anti-CD8 antibodies was
measured by flow cytometry. Plots in (A) are gated on CD49b-NK1.1-CD4-CD8- cells and the number on each plot indicates the frequency of tumor
cells in that gate. (B) The frequency of tumor cells among splenocytes for the indicated antibody-treated Jalpha182/2mice is shown. (C) The number
of tumor cells present in spleens of antibody treated mice was determined (n = 6–8 pooled from 2 independent experiments). *p,.05. **p,.01.
doi:10.1371/journal.pone.0042635.g005

iNKT Cells Limit the Anti-Lymphoma T Cell Response
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observed only in the context of tumor growth and did not reduce

CD8+ T cells responses to antigens in the absence of the tumor.

Furthermore, our experiments with CD1d12/2 mice suggest that

type II NKT cells positively affect the anti-tumor CD8+ T cell

response. In the absence of both iNKT and type II NKT cells, the

tumor growth and the anti-tumor CD8+ T cell response are

comparable to WT mice. Thus, in this system, immunity is

mediated at least in part by tumor-specific CD8+ T cells, and the

activity of these cells is regulated by iNKT and type II NKT cells.

Similar iNKT versus type II NKT cell antagonism has been

noted before [13,14,24,25], but our data differ from the published

literature in several important ways. First, although iNKT – type

II NKT cell counter-regulation has been posited in tumor systems,

ours is the first report where iNKT cells are suppressive to anti-

tumor immunity. Most significantly, when iNKT cell-mediated

suppression is relieved, the anti-tumor response is sufficient to fully

reject a tumor that is universally lethal in WT mice. It is unclear

why this lymphoma initiates such a strong suppressive response by

iNKT cells, although we hypothesize that several aspects that are

unique to lymphoma may play a role.

iNKT cell mediated immunosuppression in lymphoma may

reflect the localization of tumor growth within the secondary

lymphoid organs, or may simply reflect the fact that the lymphoma

developed through transformation of a lymphoid cell and is thus

able to manipulate the immune response using mechanisms that

are unavailable to other non-immune cell types. The identification

of iNKT cell suppression of the CD8+ T cell response to

lymphoma is in agreement with previous work demonstrating

that iNKT cells are suppressive in several autoimmune models

such as rheumatoid arthritis, experimental autoimmune encypha-

lomyelitis (EAE) [26], and type I diabetes [27] (reviewed in [2]).

iNKT cell suppression of antitumor CD8+ T cell responses is

consistent with these observations, as many tumor-associated

antigens are self antigens. Because the B cell lymphoma used in the

current study arose from an autoreactive B cell [16], it may still

elicit the same suppressive pathways used to limit autoreactivity

among normal B cells. Thus, the TBL lymphoma may simply be

eliciting the immunosuppressive effects of iNKT cells that would

normally occur during an autoreactive B cell response. Data from

several autoimmune diseases suggests that non-Hodgkin’s lym-

phomas such as BL often arise from autoimmune settings [28,29],

and correlative evidence suggests that in human non-Hodgkin’s

lymphoma, the preneoplastic state may present as an autoimmune

polyclonal lymphoproliferative disease [30]. Lymphoma arising

from these autoinflammatory conditions may be programmed

such that the tumor activates the suppressive effects of iNKT cells

much more strongly than other tumor types while minimizing the

anti-tumor functions of iNKT cells elicited by many solid tumors.

Immunization at the time of lymphoma transplant was able to

overcome iNKT cell mediated suppression, suggesting that

manipulation of the cytokine environment during early tumor

growth can alter or overcome the effects of iNKT cells.

Figure 6. Jalpha182/2 mice have enhanced CD8+ T cell responses to tumor-derived antigen. (A) The frequency of tumor reactive CD8+ T
cells was determined by staining with Kb/SIINFEKL tetramers. Staining was performed in the LN, spleen, and IHL 8 days after transplant of TBL-OVA
tumor cells. (B) The number of Kb/SIINFEKL reactive CD8+ T cells was determined by flow cytometry. (n = 8–10 pooled from two experiments). (C) WT,
Jalpha182/2, and CD1d12/2 mice were transplanted with 105 TBL-OVA cells i.v. The number of Kb/SIINFEKL-tetramer reactive CD8+ T cells in the
spleen was determined by flow cytometry (One representative of three similar experiments is shown. n = 4–5/group. The Jalpha182/2 and WT
groups in this experiment are also included in panel E, as the controls for these experiment were combined). (D and E) WT and Jalpha182/2 mice
were given either 105 TBL-OVA tumor cells or 105 peptide pulsed BMDC intravenously. Spleen cells were analyzed 8 days later for the presence of Kb/
SIINFEKL tetramer reactive CD8+ T cells. The (D) frequency and (E) number of tetramer = CD8+ T cells is shown (n= 6–7 from two experiments). (F–G)
The number of (F) Kb/SIINFEKL reactive CD8+ T cells and (G) lymphoma cells was determined 8 days after administration of 105 TBL-OVA cells, 105

SIINFEKL-pulsed BMDC, or SIINFEKL-pulsed BMDC in combination with either TBL-OVA or TBL-GFP lymphoma cells. ***p,.001, **p,.01, nd = not
detected.
doi:10.1371/journal.pone.0042635.g006
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The data here present an apparent paradox: that the tumor

grows at the same rate whether or not CD8+ T cells are present,

thus CD8+ T cells do not affect the growth of the tumor in normal

mice. However, in the absence of iNKT cells tumor growth is

severely inhibited by the action of CD8+ T cells. How can CD8+ T

cells have a detectable role in one situation and not the other? We

interpret these data as indicative of the effectiveness of iNKT cell

mediated immunosuppression. In normal animals, the iNKT cells

somehow completely inhibit the response of CD8+ T cells,

therefore the absence of the latter cells in normal animals is not

detectable. When inhibition by iNKT cells is absent, the CD8+ T

cells are freed to expand and act on the tumor cells. Previous

studies have shown that tumors originating from WT mice can

grow equally well when transplanted into either WT or Rag22/2

mice [19], suggesting that the processes of immunoediting can

produce a tumor that is independent of CD8+ T cell control. We

hypothesize that in the TBL system used here, rather than being

selected for lower antigenicity through immunoediting, the TBL

lymphoma escapes CD8+ T cell control through the induction of

iNKT cell mediated immunosuppression.

Studies in a variety of both spontaneous and transplantable solid

tumor models [31–33] have combined to establish a role for iNKT

cells in activating anti-tumor immunity, primarily through

activation of NK and CD8+ T cells [34]. Because, to date, no

appropriate markers can be used for the unequivocal identification

of type II NKT cells, these cells have been less well studied than

iNKT cells, and knowledge of their function is largely inferred

from comparisons of phenotypes in Jalpha182/2 and CD1d12/2

mice. The majority of data from solid tumor models suggests that

type II NKT cells suppress the anti-tumor response [2,12–14].

The mechanism for this suppressive effect is generally thought to

be mediated by inducing a Th2 cytokine bias through secretion of

cytokines such as IL-4 and IL-13. However it is also apparent that

other unknown mechanisms, distinct from altering in the Th1/

Th2 cytokine balance, might also be involved [2,35]. In contrast to

their suppressive functions in solid tumors, our data suggest that

type II NKT cells are activating in the anti-lymphoma immune

response. Development of better techniques for type II NKT cell

identification and function would greatly aid in understanding

their function the cancer microenvironment.

While the role of iNKT cells as activators of antitumor

immunity has been well documented for solid tumors, evidence

that they function similarly in B cell lymphomas is lacking,

although there are published examples [14]. In contrast, our data

Figure 7. alphaGalCer enhances the suppressive effect of iNKT cells. WT mice were treated with either 1 microgram alpha-GalCer or vehicle
control 1, 5, and 9 days after transplant of TBL-OVA tumor cells. Jalpha182/2 mice were left untreated following tumor transplant. (A) The frequency
of tumor-reactive CD8+ T cells was determined by staining with Kb/SIINFEKL tetramers on days 8 and 11 after transplant. (B) The number of SIINFEKL-
reactive CD8+ T cells was determined on day 11 in the LN, spleen, and IHL. (C) The number of TBL-OVA lymphoma cells in the spleen was determined
by flow cytometry 8, 11, and 14 days after transplant in Jalpha182/2, vehicle-treated WT, and alpha-GalCer-treated WT mice. Data are representative
(A) FACS plots, (B) combined data from 3 independent experiments (n = 9–10), and (C) combined data from at least three independent experiments
(n = 4–10/timepoint for both WT groups, n = 3–6 for Ja182/2). *p,.05, **p,.01, ***p,.001.
doi:10.1371/journal.pone.0042635.g007
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suggest an opposite role for iNKT cells in modulating the immune

response to B cell lymphoma; that iNKT cells suppress anti-tumor

immunity. The suppression of anti-lymphoma immunity by iNKT

cells was previously observed using the RMA/S T cell lymphoma,

but was in that case dependent on experimentally increasing

expression of CD1d on lymphoma cells, which lead to a modest

increase in overall survival of CD1d2/2 and Jalpha182/2 mice

compared to WT mice following tumor challenge [36]. Our data

illustrate a much more potent effect of iNKT cell loss, where the

majority of iNKT cells remain tumor free while all WT mice

develop lethal tumors. Suppressive effects of iNKT cells in

autoimmunity are generally thought to be caused by production

of the Th2 cytokines IL4 and IL-13, while their immunostimu-

latory effects in other tumor systems are typically IFNc-dependent
(reviewed in [2]). It follows that the simplest hypothesis for the

iNKT cell dependent CD8+ T cell suppression in the TBL model

is the secretion of large amounts of IL-4 and IL-13, which biases

the immune system away from a cytotoxic Th1 response.

However, administration of alpha-GalCer to tumor bearing mice

enhances the ability of iNKT cells to suppress, despite the fact that

alpha-GalCer induces strong expression of both IFN-gamma and

IL-4 from iNKT cells.

Ours and previously published data [36,37] [38] suggests that,

like conventional CD4+ T cells and type II NKT cells, iNKT cells

have the capacity to suppress anti-tumor immunity. This iNKT

cell-mediated suppression may have been predicted based on the

established ability of type II NKT cells to perform this same

function [12,13,35,39]. Because iNKT cells and type II NKT cells

share many common phenotypic and functional features [2,5], it is

not entirely surprising that, under varying conditions present in

different tumor microenvironements, both NKT subtypes can

perform similar suppressive functions. Our data suggests a role

reversal for type II NKT cells. While type II NKT cells generally

suppress anti-tumor immune responses [13,14], the data presented

here suggests that they are also capable of supporting the anti-

tumor response. In the TBL lymphoma model, type II NKT cells

appear to be necessary for effective anti-tumor immunity, but the

effects of these cells is limited by the dominant, suppressive effects

of iNKT cells. Alternatively, changes to the TCR repertoire of

conventional alpha-beta-T cells in Jalpha182/2 mice could

account for the tumor rejection seen in this strain. Disruption of

normal TCRalpha gene segment utilization in Jalpha182/2 mice

(that is independent of iNKT cells) may alter composition of the T

cell compartment such that the balance of the antitumor response

is shifted away from immunosuppression and tumor growth and

toward CD8+ T cell mediated rejection. Thus alterations in the

conventional T cell repertoire could alternatively explain the

tumor phenotype differences observed between Jalpha182/2 and

CD1d12/2 mice, as the latter strain also lacks iNKT cells but has

a conventional alpha-beta-T cell repertoire that is comparable to

WT mice.

The direct function of T cells in controlling human BL is

unclear. The occurrence of immunodeficiency associated BL

suggests that the adaptive immune system is important in

preventing or suppressing lymphomagenesis, but there is little

direct evidence of T cell control of human BL. Although T cells

are thought to be important for graft-versus-leukemia and graft-

versus-lymphoma (GVL) effects following allogeneic stem cell

transplantation, evidence for a significant GVL effect for Burkitt’s

lymphoma is incomplete [40–41]. This is likely due in part to the

efficacy of current aggressive treatment regimens (reviewed in

[42]), which greatly reduce the need for additional treatment

strategies.

Understanding the cellular elements that regulate anti-tumor

responses has the potential to reveal new targets for tumor

immunotherapy. Our analysis of the T cell response to

a transplanted B cell lymphoma identified NKT cells as critical

regulators of the anti-tumor CD8+ T cell response. Determining

why some cancers induce immunosuppressive NKT cell pheno-

types (mediated by either iNKT or type II NKT cells) while other

cancers may induce predominantly anti-tumor NKT cell effects is

a major unanswered question in the tumor immunology field.

Understanding the function of NKT cells, particularly iNKT cells,

in the lymphoma environment is important in designing tumor

immunotherapy whether or not the therapy is specifically targeting

iNKT cells. Experimental analysis of iNKT cell function in

lymphoma rather than solid tumor growth is lacking, and the data

presented here suggest a pro-rather than anti-tumor function for

this cell type. Our results identify iNKT cell depletion or inhibition

as a potential immunotherapy target for Burkitt’s lymphoma.

Materials and Methods

Mice
C57BL6 mice were purchased from The Jackson Laboratory

(Bar Harbor, ME) or were bread locally at the National Jewish

Health (NJH). CD3epsilon2/2, Jalpha182/2, CD1d12/2,

TCRbeta2/2 CD42/2, CD82/2, and TCRdelta2/2 were bred

and housed at NJH. Jalpha182/2 were provided by Masaru

Taniguchi and CD1d12/2 were provided by Luc van Kaer

(Vanderbuilt University). Bone marrow chimera experiments were

performed by ablating the immune system of recipient mice with

900 rads of gamma-irradiation. Following irradiation, mice were

reconstituted with freshly isolated bone marrow from the tibias

and femurs of either WT or Jalpha182/2 donor mice. All tumor

experiments were performed at least 8 weeks after bone marrow

transplant to allow for reconstitution of the immune system. For

reconstitution of Jalpha182/2 mice by transfer of peripheral

iNKT cells, we pooled intrahepatic leukocytes (IHL) from C57Bl/

6J mice and transferred them to Jalpha182/2 recipients via tail

vein injection. Due to technical limitations, we were unable to

isolate sufficient numbers of purified iNKT cells for reconstitution.

IHL pooled from WT mice contained between 66105 and

1.56106 iNKT cells, depending on the experiment. Control

Jalpha182/2 recipients received an equal number of total IHL

isolated from Jalpha182/2 donors, which contained no iNKT

cells. All mice were maintained in specific pathogen free conditions

in the National Jewish Health AALAC accredited facility. All

experiments involving animals were approved by the National

Jewish Health Institutional Animal Care and Use Committee

(IACUC) (protocol #AS2640).

Tumor Cell Line
The generation of B-cell lymphoma cell lines used in these

experiments has been previously described [16]. The tumor cell

line TBL-12 from the E-mu-MYC/BCRHEL/sHEL mice was used

for tumor transplant experiments. To facilitate differentiation of

malignant cells from endogenous B cells, we transduced the TBL-

12 cells with a retrovirus encoding GFP. GFP-expressing tumor

cells displayed in vitro and in vivo growth rates that were

comparable to nontransduced cells (unpublished data). In vivo

experiments were performed by transplanting 105 GFP-expressing

TBL-12 cells. Tumors formed with 100% penetrance in WT mice.

After transplant tumor growth that was initially located primarily

in the spleen and liver (Figure S1). GFP+ tumor cells could be

found in the lymph nodes around 10 days after transplant, and

rapidly expanded from days 10–14 (Figure S1).
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Dendritic Cell Immunizations and AlphaGalCer Treatment
Bone marrow dendritic cells (BMDC) were produced by

flushing bone marrow from femurs and tibia with balanced salt

solution (BSS). Red blood cells were lysed with buffered

ammonium chloride and cells were cultured with GM-CSF for

seven days, with media + GM-CSF being refreshed on days 2–3

and 5–6. BMDC were activated on day 7 with 50 ng/ml LPS for

2 hours prior to addition of OVA peptide (SIINFEKL) for an

additional 2 hours. Cells were washed extensively prior to transfer

to recipient mice via tail vein injection. 105 peptide-pulsed BMDC

were transferred per recipient. For experiments in which mice

were immunized with BMDC and transplanted with lymphoma

cells, tumor cells were transplanted either immediately or 6 hours

after the immunization, depending on the experiment. For in vivo

activation of iNKT cells, 1 microgram alphaGalCer (KRN7000,

from Funakoshi) in 250 microliter was administered i.p. to WT

mice 1, 5, and 9 days after tumor transplant. Control mice were

administered an equivalent volume of vehicle at the same time

points.

Tumor Free Survival Experiments
To assess tumor free survival, WT and Jalpha182/2 mice were

transplanted with 105 TBL-GFP cells. Mice were observed daily

for indication of tumor formation as indicated by hunched

posture, labored breathing, lethargy, and palpable LN tumors.

Mice were euthanized when tumor symptoms became apparent.

Mice were monitored for at least 50 days.

Cell Preparation
Lymph nodes and spleens were prepared for flow cytometry by

disruption through nylon mesh prior to red blood cell lysis by

buffered ammonium chloride. The number of live cells was

determined by trypan blue exclusion or by counting cell nuclei

using a Coulter Counter. Intrahepatic leukocytes (IHL) were

prepared by mashing livers through 40 micrometer filters and

washing twice in BSS. IHL were then isolated by centrifugation on

a discontinuous (40%/60%) percoll (Sigma) gradient for 20 min-

utes at 9006G at room temperature.

Antibody Depletion
Monoclonal antibodies (mAb) to NK1.1 (PK136), CD8a

(5326.72), or control antibody to human DR1 (20LC-11.1) were

purified from the appropriate hybridoma supernatants using

protein G. Jalpha182/2 mice were injected with 250 microgram

anti-CD8, 250 mmicrogram control mAb, or 500 micrograms

anti-NK1.1 four and seven days after tumor transplant. Mice were

sacrificed on day 10 after transplant and the number of tumor cells

was determined in the spleen and liver by flow cytometry.

Depletion of CD8 T cells and NK cells was verified by staining

with CD8beta and CD49b antibodies, respectively.

Flow Cytometry
Flow cytometry was performed on Cyan (BD) or Facscan (BD)

instruments, and data was analyzed using FloJo software (Treestar,

Inc.). MHC class I tetramer staining was performed by incubating

cells with fluorescently labeled tetramer at 37uC for two hours

prior to the addition of surface labeling antibodies conjugated to

PE, PerCP-Cy5.5, PE-Cy7, Pacific Blue, APC, Alexa-Fluor 647,

eFluor 450, APC-Cy7, and APC-eFluor780. The following

antibody conjugates from eBioscience were used: CD4 (RM 4–

5), CD8 (5326.7), CD19 (1D3), CD11b (M1/70), CD3 (145-

2C11), NK1.1 (PK136), F4/80 (BM8), Gr1 (RB6-8C5), CD44

(1M7), B220 (RA3-6B2). MHCII (Y3P) was produced and

conjugated in house. Samples were incubated on ice for

30 minutes and were washed twice prior to analysis. All staining

was performed in BSS with normal mouse serum and anti-Fc

gamma RIIb (24G2) antibody to block non-specific antibody

binding.

Retroviral Transduction
Chicken ovalbumin (OVA) cDNA was subcloned in to an

MSCV-IRES-Thy1.1 retroviral expression vector and transfected

into Phoenix cells using Effectene transfection reagent (Qiagen).

Supernatants containing retroviruses were used to transduce

tumor cells as previously described, and Thy1.1+ transduced cells

were magnetically sorted using PE-labelled anti-Thy1.1 antibody

(eBioscience) and anti-PE microbeads (Miltenyi Biotech). Expres-

sion of Ovalbumin was confirmed by flow cytometric staining

using the 25D1.16 antibody, which recognizes the SIINFEKL

epitope of OVA presented by the MHCI Kb molecule.

Statistical Analysis
All statistical analysis was performed using Prism Graphpad

software (Graphpad software, Inc.). For experiments with 2 groups

the student’s T test was used. For experiments with 3 or more

groups data was analyzed with a one-way analysis of variance and

Tukey post-test. For data presented on a log scale, all statistical

analysis was performed on log-transformed data.

Supporting Information

Figure S1 Tumor growth for TBL lymphoma cells. WT

mice were transplanted with 105 lymphoma cells i.v. Tumor

growth was assessed in the LN, spleen, and liver (intrahepatic

leukocytes, IHL) on days 6, 8, 10, 12, and 14 post-transplant. Data

are (A) representative FACS plots or (B) quantitation of 3

independent experiments.

(TIF)

Figure S2 Reconstitution of iNKT cells in Jalpha182/2

mice restores tumor growth. Lethally irradiated Jalpha182/2

mice were reconstituted with either WT or control Jalpha182/2

bone marrow. After ,8 weeks, we inoculated mice with 105 TBL-

GFP cells intravenously. (A) The number of tumor cells among

LN, spleen, and IHL was determined 14 days after transplant by

flow cytometry. (n = 2–4 from one representative of 3 experi-

ments).

(TIF)

Acknowledgments

We thank Fran Crawford and Dr. Megan MacLeod for assistance with

MHC class I tetramer production and use, and the NIH tetramer facility

for providing the CD1d/PBS57 tetramer reagent. We thank Drs.

Rebecca O’Brien, Terence Potter, and Laurel Lenz for providing

TCRdelta2/2mice, CD82/2 mice, CD42/2mice, respectively.

Author Contributions

Conceived and designed the experiments: RLB PM YR d. Performed the

experiments: RLB. Analyzed the data: RLB a. Contributed reagents/

materials/analysis tools: LG. Wrote the paper: RLB LG PM YR. Provided

some of the mouse strains used in this study: LG. RLB Wrote the

manuscript: RLB. Edited the manuscript: RLB LG PM YR.

iNKT Cells Limit the Anti-Lymphoma T Cell Response

PLoS ONE | www.plosone.org 10 August 2012 | Volume 7 | Issue 8 | e42635



References

1. Nishikawa H, Sakaguchi S (2010) Regulatory T cells in tumor immunity.

Int J Cancer 127: 759–767.
2. Terabe M, Berzofsky JA (2008) The role of NKT cells in tumor immunity. Adv

Cancer Res 101: 277–348.
3. Matsuda JL, Mallevaey T, Scott-Browne J, Gapin L (2008) CD1d-restricted

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

20: 358–368.
4. Cardell S, Tangri S, Chan S, Kronenberg M, Benoist C, et al. (1995) CD1-

restricted CD4+ T cells in major histocompatibility complex class II-deficient
mice. J Exp Med 182: 993–1004.

5. 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.
6. Dellabona P, Padovan E, Casorati G, Brockhaus M, Lanzavecchia A (1994) An

invariant V alpha 24-J alpha Q/V beta 11 T cell receptor is expressed in all
individuals by clonally expanded CD4-8- T cells. J Exp Med 180: 1171–1176.

7. Burdin N, Brossay L, Koezuka Y, Smiley ST, Grusby MJ, et al. (1998) Selective
ability of mouse CD1 to present glycolipids: alpha-galactosylceramide

specifically stimulates V alpha 14+ NK T lymphocytes. J Immunol 161:

3271–3281.
8. Kawano T, Cui J, Koezuka Y, Toura I, Kaneko Y, et al. (1997) CD1d-restricted

and TCR-mediated activation of valpha14 NKT cells by glycosylceramides.
Science 278: 1626–1629.

9. Kobayashi E, Motoki K, Uchida T, Fukushima H, Koezuka Y (1995)

KRN7000, a novel immunomodulator, and its antitumor activities. Oncol Res
7: 529–534.

10. Carnaud C, Lee D, Donnars O, Park SH, Beavis A, et al. (1999) Cutting edge:
Cross-talk between cells of the innate immune system: NKT cells rapidly activate

NK cells. J Immunol 163: 4647–4650.
11. Liu K, Idoyaga J, Charalambous A, Fujii S, Bonito A, et al. (2005) Innate NKT

lymphocytes confer superior adaptive immunity via tumor-capturing dendritic

cells. J Exp Med 202: 1507–1516.
12. 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.

13. Ambrosino E, Terabe M, Halder RC, Peng J, Takaku S, et al. (2007) Cross-
regulation between type I and type II NKT cells in regulating tumor immunity:

a new immunoregulatory axis. J Immunol 179: 5126–5136.
14. 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.

15. Adams JM, Harris AW, Pinkert CA, Corcoran LM, Alexander WS, et al. (1985)

The c-myc oncogene driven by immunoglobulin enhancers induces lymphoid
malignancy in transgenic mice. Nature 318: 533–538.

16. Refaeli Y, Young RM, Turner BC, Duda J, Field KA, et al. (2008) The B cell
antigen receptor and overexpression of MYC can cooperate in the genesis of B

cell lymphomas. PLoS Biol 6: e152.

17. Refaeli Y, Field KA, Turner BC, Trumpp A, Bishop JM (2005) The
protooncogene MYC can break B cell tolerance. Proc Natl Acad Sci U S A

102: 4097–4102.
18. Bendelac A, Killeen N, Littman DR, Schwartz RH (1994) A subset of CD4+

thymocytes selected by MHC class I molecules. Science 263: 1774–1778.
19. 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.
20. 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.

21. Ostrand-Rosenberg S (2008) Immune surveillance: a balance between protumor

and antitumor immunity. Curr Opin Genet Dev 18: 11–18.
22. Koebel CM, Vermi W, Swann JB, Zerafa N, Rodig SJ, et al. (2007) Adaptive

immunity maintains occult cancer in an equilibrium state. Nature 450: 903–907.

23. Altman JD, Moss PA, Goulder PJ, Barouch DH, McHeyzer-Williams MG, et al.

(1996) Phenotypic analysis of antigen-specific T lymphocytes. Science 274: 94–
96.

24. Mallevaey T, Fontaine J, Breuilh L, Paget C, Castro-Keller A, et al. (2007)
Invariant and noninvariant natural killer T cells exert opposite regulatory

functions on the immune response during murine schistosomiasis. Infect Immun

75: 2171–2180.
25. Halder RC, Aguilera C, Maricic I, Kumar V (2007) Type II NKT cell-mediated

anergy induction in type I NKT cells prevents inflammatory liver disease. J Clin
Invest 117: 2302–2312.

26. Mars LT, Laloux V, Goude K, Desbois S, Saoudi A, et al. (2002) Cutting edge:

V alpha 14-J alpha 281 NKT cells naturally regulate experimental autoimmune
encephalomyelitis in nonobese diabetic mice. J Immunol 168: 6007–6011.

27. Hammond KJ, Poulton LD, Palmisano LJ, Silveira PA, Godfrey DI, et al. (1998)
alpha/beta-T cell receptor (TCR)+CD4-CD8- (NKT) thymocytes prevent

insulin-dependent diabetes mellitus in nonobese diabetic (NOD)/Lt mice by
the influence of interleukin (IL)-4 and/or IL-10. J Exp Med 187: 1047–1056.

28. Zintzaras E, Voulgarelis M, Moutsopoulos HM (2005) The risk of lymphoma

development in autoimmune diseases: a meta-analysis. Arch Intern Med 165:
2337–2344.

29. Cuttner J, Spiera H, Troy K, Wallenstein S (2005) Autoimmune disease is a risk
factor for the development of non-Hodgkin’s lymphoma. J Rheumatol 32: 1884–

1887.

30. Santana V, Rose NR (1992) Neoplastic lymphoproliferation in autoimmune
disease: an updated review. Clin Immunol Immunopathol 63: 205–213.

31. Swann JB, Uldrich AP, van Dommelen S, Sharkey J, Murray WK, et al. (2009)
Type I natural killer T cells suppress tumors caused by p53 loss in mice. Blood

113: 6382–6385.
32. Smyth MJ, Crowe NY, Godfrey DI (2001) NK cells and NKT cells collaborate

in host protection from methylcholanthrene-induced fibrosarcoma. Int Immunol

13: 459–463.
33. Berzofsky JA, Terabe M (2009) The contrasting roles of NKT cells in tumor

immunity. Curr Mol Med 9: 667–672.
34. Smyth MJ, Crowe NY, Pellicci DG, Kyparissoudis K, Kelly JM, et al. (2002)

Sequential production of interferon-gamma by NK1.1(+) T cells and natural

killer cells is essential for the antimetastatic effect of alpha-galactosylceramide.
Blood 99: 1259–1266.

35. Terabe M, Khanna C, Bose S, Melchionda F, Mendoza A, et al. (2006) CD1d-
restricted natural killer T cells can down-regulate tumor immunosurveillance

independent of interleukin-4 receptor-signal transducer and activator of
transcription 6 or transforming growth factor-beta. Cancer Res 66: 3869–3875.

36. Renukaradhya GJ, Sriram V, Du W, Gervay-Hague J, Van Kaer L, et al. (2006)

Inhibition of antitumor immunity by invariant natural killer T cells in a T-cell
lymphoma model in vivo. Int J Cancer 118: 3045–3053.

37. Mattarollo SR, Rahimpour A, Choyce A, Godfrey DI, Leggatt GR, et al. (2010)
Invariant NKT cells in hyperplastic skin induce a local immune suppressive

environment by IFN-gamma production. J Immunol 184: 1242–1250.

38. Yang W, Li H, Mayhew E, Mellon J, Chen PW, et al. (2011) NKT cell
exacerbation of liver metastases arising from melanomas transplanted into either

the eyes or spleens of mice. Investigative ophthalmology & visual science 52:
3094–3102.

39. Terabe M, Matsui S, Noben-Trauth N, Chen H, Watson C, et al. (2000) NKT
cell-mediated repression of tumor immunosurveillance by IL-13 and the IL-4R-

STAT6 pathway. Nat Immunol 1: 515–520.

40. Butcher BW, Collins RH, Jr. (2005) The graft-versus-lymphoma effect: clinical
review and future opportunities. Bone marrow transplantation 36: 1–17.

41. Grigg A, Ritchie D (2004) Graft-versus-lymphoma effects: clinical review, policy
proposals, and immunobiology. Biology of blood and marrow transplantation :

journal of the American Society for Blood and Marrow Transplantation 10:

579–590.
42. Molyneux EM, Rochford R, Griffin B, Newton R, Jackson G, et al. (2012)

Burkitt’s lymphoma. Lancet 379: 1234–1244.

iNKT Cells Limit the Anti-Lymphoma T Cell Response

PLoS ONE | www.plosone.org 11 August 2012 | Volume 7 | Issue 8 | e42635


