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Abstract Accumulating evidence suggests that cancer

cells possess a small subpopulation that survives during

potentially lethal stresses, including chemotherapy, radia-

tion treatment, and molecular-targeting therapy. CD133 is a

putative marker that distinguishes a minor subpopulation

from normal differentiated tumor cells in many cancers.

Although it is necessary to eradicate all cancer cells to obtain

a cure, effective treatment to eliminate the CD133? treat-

ment–tolerant cells has not been elucidated. In this study, we

demonstrated that a CD133? subpopulation in murine mel-

anoma is immunogenic and that effector T cells specific for

the CD133? melanoma cells mediated potent antitumor

reactivity, curing the mice of the parental melanoma.

CD133? melanoma antigens preferentially induced type 17

T helper (Th17) cells and Th1 cells but not Th2 cells.

CD133? melanoma cell–specific CD4? T-cell treatment

eradicated not only CD133? tumor cells but also CD133-

tumor cells while inducing long-lasting accumulation of

lymphocytes and dendritic cells with upregulated MHC class

II in tumor tissues. Further, the treatment prevented regula-

tory T-cell induction. These results indicate that T-cell

immunotherapy is a promising treatment option to eradicate

CD133? drug-tolerant cells to obtain a cure for cancer.
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Introduction

The cancer stem cells (CSCs) theory states that a minor

subpopulation can initiate differentiated cancer cells and

tumor tissues via self-renewal and asymmetrical cell divi-

sion and that this plays a critical role in metastasis and

recurrence [1–7]. It is controversial whether the classical

CSC theory is applicable for all solid tumors. However,

accumulating evidence suggests that a small subpopulation

with unique features plays an important role in cancer

recurrence after classical anticancer treatment and molec-

ular-targeting therapy [8–12]. An excess of multidrug

efflux transporters, antiapoptotic factors, DNA repair gene

products, stem cell–specific growth signaling, and relative

dormancy contribute to the ability of these cells to resist

treatment. CD133 is a stem cell marker and putative CSC

marker [13, 14]. It was demonstrated that all of examined

cancer cells surviving after potentially lethal drug treat-

ments uniformly express CD133 [15]. These drug-tolerant

cancer cell populations use an altered chromatin state to

induce a reversible drug-tolerant state and give rise to a

permanent drug-tolerant cell population with genetic

mutations. Unless these CD133? cancer cells are eradi-

cated, it is impossible to achieve a lasting cure.

T-cell-mediated immunotherapy can mediate antitumor

reactivity. We previously reported that effector T cells

primed in tumor-draining lymph nodes (LNs) possessed

antitumor therapeutic efficacy in brain, pulmonary, and

skin metastasis models [16–18]. In this study, we found

that LN T cells primed with the CD133? tumor vaccine
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mediated potent antitumor therapeutic efficacy by eradi-

cating CD133? tumor cells in tumors, thereby curing

parental melanomas that comprised \1% CD133? tumor

cells. Interestingly, CD133? melanoma antigens tended to

prime type 17 helper T (Th17) cells and Th1 cells but not

Th2 cells. These results indicate that T-cell immunotherapy

may be a promising strategy to eradicate treatment-tolerant

CD133? cancer cells.

Materials and methods

Mice

Female C57BL/6J (B6) mice were purchased from the

CLEA Laboratory (Tokyo, Japan). They were maintained

in a specific pathogen-free environment and used for

experiments at the age of 8–10 weeks. All animal experi-

ments were conducted with the permission of the Niigata

University ethics committee for animal experiments.

Tumor cells

B16F10 melanomas, which originate from B6 mice, were

maintained in vitro. Parental tumor cells were labeled with

phycoerythrin (PE)-conjugated anti-CD133 monoclonal

antibody (mAb; 13A4) and anti-PE microbeads (Miltenyi

Biotec, Auburn, CA). CD133? and CD133- tumor cells

were isolated with autoMACSTM (Miltenyi Biotec)

according to the manufacturer’s instructions. Cell purity

was [90%.

mAbs and flow cytometry

Hybridomas producing mAbs against murine CD4 (GK1.5,

L3T4), CD8 (2.43, Lyt-2), CD3 (2C11), and CD62L

(MEL14) were obtained from the American Type Culture

Collection (Rocksville, MD). Anti-CD4, anti-CD8, and

anti-CD62L mAbs were obtained from ascitic fluid of

sublethally irradiated (500 cGy) DBA/2 mice. PE-conju-

gated anti-CD80 (16-10A), anti-CD86 (GL1), anti-CD62L

(MEL14), anti-CD8 (2.43), and anti-CD25 (PC61) mAbs;

fluorescein isothiocyanate (FITC)-conjugated anti-Thy1.2

(30-H12); and anti-CD4 (GK1.5) mAbs were purchased

from BD PharMingen (San Diego, CA). Analyses of cell

surface phenotypes were carried out by direct immunoflu-

orescence staining of 0.5–1 9 106 cells with conjugated

mAbs. In each sample, 10,000 cells were analyzed using a

FACScanTM flow microfluorometer (Becton–Dickinson,

Sunnyvale, CA). PE-conjugated subclass-matched anti-

bodies used as isotype controls were also purchased from

BD PharMingen. Samples were analyzed using the Cell-

QuestTM software (BD PharMingen).

Fractionation of T cells

T cells in the LN cell suspension were concentrated by

passing through nylon wool columns (Wako Pure Chemical

Industries, Osaka, Japan). To yield highly purified ([90%)

cells with downregulated CD62L expression (CD62Llow),

LN T cells were further isolated by a panning technique

using T-25 flasks pre-coated with goat anti-rat immuno-

globulin antibody (Ig Ab) (Jackson ImmunoResearch

Laboratories, West Grove, PA)/anti-CD62L mAb (MEL14)

and sheep anti-rat-Ig Ab/anti-CD62L mAb-coated Dyna-

Beads M-450 (Dynal, Oslo, Norway). In some experi-

ments, cells were further separated into CD4? and CD8?

cells by depletion using magnetic beads, as described

previously [18]. For in vitro experiments, highly purified

CD4? cells were obtained using anti-CD4 mAb-coated

Dynabeads and Detachabeads (Invitrogen) according to the

manufacturer’s instructions.

Bone marrow–derived dendritic cells

Dendritic cells (DCs) were generated from bone marrow

cells (BMs), as described previously. In brief, BMs

obtained from femurs and tibias of treatment-naı̈ve mice

were placed in T-75 flasks for 2 h at 37�C in complete

medium (CM) containing 10 ng/ml of recombinant

murine granulocyte–macrophage colony-stimulating factor

(rmGM-CSF; a gift from KIRIN, Tokyo, Japan). Non-

adherent cells were collected by aspirating the medium and

transferred into fresh flasks. On day 6, non-adherent cells

were harvested by gentle pipetting. CM consisted of RPMI

1640 medium supplemented with 10% heat-inactivated

lipopolysaccharide (LPS)-qualified fetal calf serum (FCS),

0.1 mM nonessential amino acids, 1 lM sodium pyruvate,

100 U/ml of penicillin, 100 lg/ml of streptomycin sulfate

(all from Life Technologies Inc.), and 5 9 10-5 M 2-ME

(Sigma Chemical Co., St. Louis, MO).

DC/tumor-draining LN cells

BMs and DCs were co-cultured with the same number of

irradiated tumor cells (5,000 cGy) in CM overnight. B6

mice were inoculated subcutaneously (s.c.) with 10 9 106

BM–DC and tumor cells in both flanks. Inguinal LNs

draining BM–DC and tumor cells were harvested. Single-

cell suspensions were prepared mechanically as described

previously [19].

Adoptive immunotherapy

B6 mice were injected s.c. with parental B16-F10 tumor

cells in 100 ll of Hank’s balanced salt solution (HBSS) to

establish subcutaneous tumors. Two or three days after the
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inoculation, mice were sublethally irradiated (500 cGy)

and then infused intravenously (i.v.) with T cells isolated

from tumor-draining LNs. LN cells were stimulated with

anti-CD3 mAb (2C11) and cultured in CM containing

40 U/ml of interleukin (IL)-2 for 3 days to obtain a suffi-

cient number of T cells for in vivo experiments, as

described previously [17]. The perpendicular diameter of

subcutaneous tumors was measured with calipers.

Cytokine ELISAs

T cells were stimulated with immobilized anti-CD3 mAb

or tumor antigen–pulsed BM–DCs in CM. Supernatants

were harvested and assayed for IFN-c, IL-4, and IL-17

content by a quantitative ‘‘sandwich’’ enzyme immunoas-

say using a murine IFN-c, IL-4, and IL-17 ELISA kit

(Genzyme, Cambridge, MA) according to the manufac-

turer’s instructions.

In vitro proliferation assay

Melanoma cells were labeled with 5 lM 5-(6)-carboxy-

fluorescein diacetate succinimidyl diester (CFSE; Molecular

Probes Inc., Eugene, OR) in HBSS at 37�C for 15 min and

washed twice before CD3 stimulation. The ratio of CFSE-

labeled tumor cells to unlabeled tumor cells was 1:10. Tumor

cells were cultured in CM at 1 9 105/ml. Tumor cells were

counted every day and were analyzed using a microfluo-

rometer to determine the number of CFSE-labeled tumor

cells. Three wells were analyzed for each condition.

Statistical analysis

Comparison between groups was made by Student’s t-test.

The dynamic tumor growth data was analyzed by multi-

variate general linear model. Differences were considered

significant for P \ 0.05. Statistical analysis was performed

with SPSS statistical software (SPSS, Chicago, IL) or

GraphPad Prism 5.0 software (GraphPad Software Inc., La

Jolla, CA).

Results

CD133? melanoma cells possessed distinct

characteristics

For this study, we obtained purified CD133? tumor cells

from murine B16-F10 melanomas (Fig. 1a) and then tested

the properties of these cells. Skin tissues were not produced

by 1 9 105 subcutaneously inoculated parental B16 mela-

noma cells, but 5 9 103 CD133? melanoma cells were

sufficient to establish tumor tissues in vivo (Fig. 1b). In vitro

proliferation assays showed that CD133- tumor cells pro-

liferated more aggressively than CD133? tumor cells before

they became confluent, but their proliferation was impeded

by cell–cell contact inhibition. In contrast, the proliferation

of CD133? tumor cells did not stop by contact inhibition,

and cells piled together, developing into floating aggregates

(Fig. 1c). We also tested whether CD133? melanoma cells

could grow in an anchorage-independent manner. Although

CD133- cells eventually died without anchorage, all

CD133? tumor cells proliferated to become tumor spheres

(Fig. 1d, e). CD133?, but not CD133-, tumor cells exhib-

ited colony formation on soft agar (Fig. 1f).

Vaccination with CD133? tumor cells induced

protective immunity against the parental melanoma

To examine whether the immune system can recognize

CD133? melanoma cells, we immunized mice by subcuta-

neously inoculating them with 5,000 cGy-irradiated

1 9 107 parental, CD133-, or CD133? melanoma cells

mixed with 1 9 107 DCs. Fourteen days after immunization,

3 9 105 parental melanoma cells were subcutaneously

injected. The tumor growth curves of mice that were

immunized with parental tumor cells or CD133- tumor cells

were identical to those of mice that had not received

immunization (Fig. 2a). In contrast, tumor growth was sig-

nificantly retarded in mice immunized with CD133? tumor

cells.

CD133? tumor antigen–specific T cells mediated

potent therapeutic efficacy

We examined the antitumor efficacy of LN T cells draining

irradiated parental, CD133-, or CD133? melanoma cell

vaccinations with DCs. CD62Llow (cells with downregu-

lated CD62L expression) T cells that were isolated as

antigen-primed T cells from LNs were cultured by the anti-

CD3/IL-2 method, as described previously [20]. LN T cells

were intravenously infused into mice bearing a 2-day-

established parental melanoma skin tumor after sublethal

whole-body irradiation (500 cGy). The tumors of mice

treated with LN T cells primed with parental or CD133-

tumor cells grew in a pattern similar to those of the

untreated mice (Fig. 2b). In contrast, the tumors of mice

treated by LN T cells primed with CD133? tumor cells did

not grow, even though the mice had palpable tumors.

Interestingly, the antitumor reactivity mediated by the LN

T cells primed with CD133? tumor cells persisted for more

than 60 days and no mice died of tumor. In this system,

regulatory T (Treg) cells were eliminated by whole-body

irradiation before antitumor T-cell infusion; however,

generally, host lymphocytes recover approximately

20 days after irradiation, and Treg cells that recover as host
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Fig. 1 CD133? B16 melanoma cells demonstrated high tumorige-

nicity in vivo (each group contained 5 mice) and proliferated in an

anchorage- and cell–cell contact inhibition-independent manner in

vitro. a One million B16 melanoma cells were stained with

phycoerythrin (PE)-conjugated anti-CD133 or PE-conjugated isotype

control monoclonal antibodies (mAbs). Dotted lines indicate the

fluorescence intensity of tumor cells stained with PE-conjugated

subclass-matched isotype control mAbs. Each frame consists of

10,000 cells. b B6 mice were subcutaneously inoculated along the

midline of the abdomen with 5 9 103 or 5 9 104 CD133? cells, or

1 9 105 or 1 9 106 parental B16 cells. The diameter of the skin

tumors was measured twice weekly with calipers, and the size was

recorded as the average of 2 perpendicular diameters. Each group

contained 6 mice. Bars indicate standard deviation. c CD133? or

CD133- tumor cells (0.3 9 106) labeled with carboxyfluorescein

diacetate succinimidyl diester (CFSE) were mixed with non-labeled

tumor cells (3 9 106) and cultured in complete medium (CM) at

1 9 105 cells/ml. Tumor cells were counted every day and analyzed

using a microfluorometer to determine the number of CFSE-labeled

tumor cells. Three wells were analyzed for each condition. d, e One

million CD133? or CD133- tumor cells were cultured in 10 ml of

CM in 50 ml conical tubes that were rotated to avoid cell attachment.

Cell counts were performed every 24 h. After 72 h in culture,

CD133? cells proliferated to build spheroid-like cell aggregates.

f The soft agar colony assay was performed using CytoSelectTM 96

Well Transformation Assay (Cell Biolabs Inc.) according to the

manufacturer’s instructions; 5 9 103 CD133? or CD133- B16 tumor

cells were cultured in soft agar for 7 days, and colony formation was

examined using a 96-well fluorometer

1600 Cancer Immunol Immunother (2011) 60:1597–1608

123



immunity abrogate antitumor reactivity [18]. To elucidate

whether T cells primed with CD133? tumor cells affected

Treg induction, we examined Foxp3? regulatory T cells in

tumor tissues 30 days after treatment. As shown in Fig. 2c,

very few Foxp3? CD4? T cells were detected in tumor

tissues of mice treated with LN T cells draining CD133?

tumors. In contrast, there was almost the same number of

Foxp3? CD4? T cells in tumor tissues of mice that were

infused with LN T cells draining parental or CD133-

tumors as in the untreated mice.

T cells primed in LNs draining CD133? melanoma

cells/DCs were specific to CD133? tumor antigens

and exhibited specific IFN-c and IL-17 production

To examine cytokine release by T cells primed in LNs

draining irradiated tumor cell/DC vaccine, CD62Llow

CD4? LN T cells or CD62Llow CD8? LN T cells were

stimulated with irradiated tumor cells in the presence of

DCs for 48 h. Th1 cells have been considered the most

important CD4? T cells for antitumor immunity.

A B D

C

Fig. 2 Irradiated CD133? tumor cell/dendritic cell (DC) vaccine-

primed CD133? tumor-specific CD8?, and Th1 and Th17 CD4? T

cells mediated therapeutic efficacy against parental B16 melanomas.

a Bone marrow–derived DCs were co-cultured 1:1 overnight with

irradiated (5,000 cGy) parental, CD133-, or CD133? B16 cells in

CM. Non-adherent cells were collected, and 1 9 106 cells were

subcutaneously injected into mice. Two weeks later, mice were

subcutaneously inoculated along the abdominal midline with 1 9 106

parental B16 cells. Data are from a representative experiment of 3,

with 5 mice/group. Asterisks indicate P \ 0.01. b Bone marrow–

derived DCs co-cultured with irradiated parental, CD133-, or

CD133? tumor cells were subcutaneously injected into both flanks

of mice. Inguinal lymph nodes (LN) were collected 8 days later.

CD62Llow T cells were isolated as antigen-primed LN T cells and

cultured by the anti-CD3/interleukin (IL-2) method. B6 mice were

subcutaneously inoculated along the abdominal midline with 1 9 106

parental B16 cells in order to establish tumors. Two days later, mice

were sublethally irradiated (500 cGy) and intravenously infused with

15 9 106 LN T cells. The diameter of skin tumors was measured

twice weekly with calipers; size was recorded as the average of 2

perpendicular diameters. The data are from a representative exper-

iment of 2, with 5 mice/group. Asterisks indicate P \ 0.01. c Tumors

were obtained 30 days after tumor inoculation and were digested with

collagenase, hyaluronidase, and DNase. Cells in tumor tissues were

stained using FITC-conjugated anti-CD4 mAb and PE-conjugated

anti-Foxp3 mAb (e-Bioscience) with the staining kit according to the

manufacturer’s instructions. Cells in the lymphocyte region were

gated for analyses. d IFN-c, IL-4, and IL-17A secretion. In a 96-well

plate, 1 9 105 CD62Llow CD4? T cells isolated from LNs draining

irradiated tumor cells/DCs were stimulated with 2 9 104 DCs pulsed

with tumor antigens in 200 ll CM for 48 h. DCs for stimulation were

purified with CD11c microbeads after overnight co-culture with

irradiated tumor cells. Asterisks indicate P \ 0.01
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Recently, it was reported that Th17 CD4? T cells that

preferentially produce IL-17 and IL-6 play a critical role

in antitumor immune responses [21–25]. The superna-

tants were analyzed for interferon (IFN)-c, IL-4, and

IL-17A using cytokine-specific enzyme-linked immuno-

sorbent assays (ELISAs). CD62Llow CD4? T cells

derived from LNs draining CD133? melanoma cells

exhibited specific and significantly greater IL-17A, but

not IL-4, production upon CD133? tumor antigen stim-

ulation (Fig. 2d). Conversely, T cells primed in LNs

draining parental or CD133- tumor antigens did not

show antigen-specific cytokine release. CD62Llow CD8?

T cells derived from CD133? tumor cell–draining LNs

also produced IFN-c upon stimulation with CD133?

tumor antigens. These cytokine assays indicate that both

CD133? tumor-specific CD4? and CD8? T cells were

primed in LNs draining CD133? tumor antigens and that

CD133? tumor antigens preferentially induced Th1 and

Th17, but not Th2, cells.

CD133? melanoma-specific CD4? T cells mediated

superior antitumor reactivity

To determine whether CD4? or CD8? T cells contributed

to the antitumor efficacy mediated by CD133? tumor-

specific LN T-cell treatment, CD4? and CD8? T-cell

A B

Fig. 3 CD4? T cells primed with irradiated CD133? tumor cell/

dendritic cell (DC) vaccine mediated potent and long-lasting antitu-

mor reactivity. Both CD4? and CD8? T cells were required for

optimal antitumor efficacy. a Approximately 15 9 106 CD62Llow T

cells isolated from lymph nodes (LNs) draining irradiated CD133?

melanoma cells/DCs for 8 days were cultured by the anti-CD3/

interleukin (IL)-2 method and were infused intravenously into mice

bearing 2-day-established skin tumors of parental melanoma. Mice

were intraperitoneally injected with either anti-CD4 or anti-CD8

monoclonal antibody (mAb). The diameter of the skin tumors was

measured twice weekly with calipers; size was recorded as the

average of 2 perpendicular diameters. Each group contained 5 mice.

Asterisks indicate P \ 0.01. b CD4? and CD8? T cells were purified

from CD62Llow LN T cells draining irradiated CD133? melanoma

cells/DCs with immuno-magnetic beads. Approximately 3 9 107

CD62Llow T cells, 1 9 107 CD62Llow CD8? T cells, or 1 9 107

CD62Llow CD4? T cells were isolated from 8-day B16 CD133?

tumor cell/DC-draining LN cells. CD62Llow T cells were activated by

the anti-CD3/IL-2 method and separated into CD4? and CD8? cells

with magnetic beads. The diameters of the skin tumors were measured

twice weekly with calipers; size was recorded as the average of 2

perpendicular diameters. Each group contained 5 mice. Asterisks
indicate P \ 0.01

Fig. 4 CD133? tumor-specific LN T cell treatment eradicated

CD133? tumor cells and induced accumulation of leukocytes in

tumor tissues. One million CD133? tumor cells mixed with 0.5 9 106

CD133- tumor cells were subcutaneously inoculated at both flanks.

Zero (Gr. 1), 10 9 106 (Gr. 2), 5 9 106 CD133? tumor-specific LN T

cells (Gr. 3), or 10 9 106 LN T cells draining CD133- tumor

antigens (Gr. 4) were intravenously infused after sublethal whole-

body irradiation. Each group contained 4 mice. Four tumors were

collected and digested with collagenase, DNase, and hyaluronidase 7

and 15 days after T-cell infusion. The representative data of 3

independent experiments are presented. a CD133 expression of cells

in the tumor region. b Dot plots of forward and side scatter. c The

percentages of CD45? leukocytes based on the total number of cells

(left graphs), of cells in the lymphocyte region (middle graphs), and

of CD11c? cells (right graphs) in each group

c
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depletion studies were performed. In vivo depletion studies

showed that both CD4? and CD8? T-cell depletion sig-

nificantly diminished antitumor reactivity (Fig. 3a). How-

ever, these studies could not assess whether CD4? or

CD8? LN T cells mediated superior antitumor reactivity,

because host CD4? and CD8? T cells were also depleted.

Therefore, we infused mice with 1 9 107 CD4? or CD8?

cells purified from CD133? tumor-specific LN T cells.

Two of 5 mice infused with CD8? LN T cells were cured

(Fig. 3b). Interestingly, all mice infused with CD4? LN T

cells were cured. Moreover, the duration of the antitumor

effect of CD133? tumor-specific CD4? T cells was longer

than that of CD8? T cells. In other words, skin tumors that

were not cured within 10 days after tumor inoculation

eventually grew in mice infused with 1 9 107 purified

CD8? LN T cells. In contrast, mice infused with 1 9 107

purified CD4? LN T cells or 3 9 107 total LN T cells that

contained approximately 6 9 106 CD4? LN T cells

exhibited long-lasting antitumor reactivity and resulted in

the complete remission of the parental melanoma.

CD133? tumor-specific T-cell treatment resulted

in long-lasting accumulation of CD4? T cells

and activated DCs in tumors

To understand the mechanism by which CD133? tumor-

specific T cells mediated antitumor reactivity, we analyzed

the cellular composition of skin tumors 7 and 15 days after

treatment. One million CD133? tumor cells mixed with

0.5 9 106 CD133- tumor cells were inoculated in both

flanks of mice. Although the percentage of CD133? cells

did not differ among groups on the seventh day after tumor

inoculation (data not shown), tumors of CD133? tumor-

specific LN T-cell recipients lost their CD133? subpopu-

lation. In contrast, tumors in mice that were infused with

CD133- tumor-draining LN T cells contained approxi-

mately the same number of CD133? tumor cells as the

control mice on the fifteenth day after treatment (Fig. 4a).

Thus, it is likely that infused CD133? tumor-specific T

cells indeed eradicated CD133? tumor cells prior to tumor

regression.

On the seventh day, the number of CD45? leukocytes

and lymphocytes in tumor tissues depended on the number

of infused T cells, as more leukocytes were observed in

tumor tissues of mice that were infused with 1 9 107 LN T

cells draining CD133? or CD133- tumor cells. However,

the tumor-infiltrating lymphocytes in mice that were

infused with 1 9 107 LN T cells draining CD133- tumor

antigen disappeared, leaving these mice with lymphocyte

levels comparable to those in untreated mice by the fif-

teenth day (Fig. 4b). Conversely, mice treated with

10 9 106 CD133? tumor-specific LN T cells had 10 times

more CD45? cells and 6 times more lymphocytes than the

control animals did (Fig. 4b, c). CD4? T cells preferentially

increased in the tumor tissues of CD133? tumor-specific LN

T-cell recipients. Moreover, CD133? tumor-specific LN

T-cell infusion resulted in a long-lasting increase in CD11c?

DCs that had augmented the expression of MHC class II

antigen in tumor tissues (Fig. 5a, b).

To determine whether CD4? or CD8? CD133? tumor-

specific LN T cells induce the accumulation of lympho-

cytes and DCs, we analyzed tumors in mice infused with

purified CD4? or CD8? CD133? tumor-specific LN T

cells. Leukocyte accumulation was observed only when the

mice were infused with CD4? CD133? tumor-specific T

cells (Fig. 6a). Furthermore, 90 days after T-cell treatment,

we examined splenocytes of mice cured with the CD133?

tumor-specific T-cell infusion. Surprisingly, the mice cured

with CD4? CD133? tumor-specific LN T cells had not

only the CD4? T cells that produced IFN-c and IL-17 upon

CD133? tumor antigen stimulation but also the CD4? T

cells that recognized and responded to CD133- tumor

antigens, although the infused CD4? T cells were highly

specific for CD133? tumor antigens (Figs. 2c, 6b).

Discussion

Our study demonstrates that CD133? melanoma-specific T

cells are capable of mediating antitumor reactivity that

results in the regression of established parental melanoma

in mice. These results are surprising, as CD133? tumor

cells comprised less than 1% of the parental melanoma.

CD133? tumor cells may be so essential for the develop-

ment of tumor tissues that eradication of CD133? tumor

cells makes it difficult for melanoma cells to establish

tumors in vivo, as CD133? tumor cells possess high

tumorigenicity. However, this does not explain how

CD133? tumor-specific T-cell therapy cured the mice with

established skin tumors. Notably, CD4? T cells mediated

superior long-lasting antitumor reactivity by inducing the

accumulation of activated DCs and lymphocytes, but not

Treg, in tumor tissues. Further, although CD4? T cells that

were highly specific for CD133? melanoma antigens were

infused, we detected T cells that secreted IFN-c and IL-17

upon CD133- tumor antigen stimulation in cured mice.

This observation is consistent with the previous report that

Th17 cells expressing TCR for 1 tyrosinase-related protein-

1 (TRP-1) epitope induced tumor antigen–specific T cells

that were not specific for TRP-1 [21]. Thus, it is likely that

the interaction between CD4? CD133? tumor-specific T

cells and DCs that acquired CD133? tumor cells resulted in

the induction of antimelanoma effector T cells with wide

specificity, because CD133? and CD133- melanoma cells

shared most antigens according to 2-D electrophoresis

analyses (data not shown). Cumulatively, these results
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indicate that CD133? tumor-specific antigens are highly

immunogenic and can induce tumor-specific CD4? and

CD8? effector T cells to eradicate whole tumor cells.

Immunization with irradiated whole CD133? tumor

cells induced CD133? tumor-specific T-cell priming. It is

unclear why T cells were not primed by the majority of

antigens but were instead primed by the minority of

CD133? tumor-specific antigens. One possible explanation

is that CD133? melanoma cells possessed molecules that

stimulate DCs. However, co-culture of DCs with CD133?

or CD133- melanoma cells showed no significant differ-

ences in the expression of MHC class I and II or

co-stimulatory molecules or in the production of IL-4, IL-12,

and IL-23 (data not shown). A second possibility is that the

counterparts of effector T cells that abrogate effector T-cell

expansion are not induced for CD133? melanoma epitopes.

It is reported that Tregs are maintained with antigen pre-

sentation by DCs that acquire apoptotic cells without

A

B

Fig. 5 CD133? tumor-specific LN T-cell treatment induced the

accumulation of CD4? T cells and activated DCs. a CD4 (upper
graphs) and CD8 (lower graphs) expression in gated CD45? cells.

b I–Ab (upper graphs) and CD80 (lower graphs) expression on gated

CD11c? cells. All cells were derived from tumor tissues harvested

15 days after T-cell treatment
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A

B

Fig. 6 Induction of CD4? T cells that recognized CD133- B16

melanoma antigens in mice cured with CD133? tumor-specific CD4?

LN T-cell infusion. a One million parental B16 melanoma cells were

subcutaneously inoculated. Isolated CD4? and CD8? T cells derived

from LN T cells draining CD133? or CD133- tumor antigens were

intravenously infused after sublethal whole-body irradiation. The

figures present the microfluorometer analyses showing forward and

side scatter plots of cells derived from digested tumor tissues 14 days

after T-cell treatment. Each group contained 5 mice. b Spleens of

mice cured with T-cell treatment were harvested 90 days after T-cell

infusion. In a 96-well plate, 1 9 105 CD62Llow CD4? T cells isolated

from the spleens were stimulated with 2 9 104 DCs pulsed with

tumor antigens in 200 ll CM for 48 h. DCs for stimulation were

purified with CD11c microbeads after overnight co-culture with

irradiated tumor cells. IFN-c and IL-17A were measured with ELISA
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danger signals [26, 27]. Because the CD133? tumor cell

population is so small and immortal that sufficient antigens

are not delivered for the DCs, it is possible that peripheral

tolerance is not well established for CD133? tumor-spe-

cific antigens. It is difficult to quantify antigen-specific

Tregs; however, because Th17 and Tregs have reciprocal

developmental pathways and affect each other’s generation

[25], the absence of Tregs likely results in Th17 cell

induction. This is consistent with our observation that

CD133? tumor antigens tended to prime type Th17 CD4?

T cells (Fig. 2c). Further, we observed that Treg induction

was significantly suppressed in the tumor tissues and

draining LNs of mice in the presence of CD133? tumor-

specific CD4? T cells.

It is still unclear whether Th17 cells promote tumor

growth or regulate antitumor responses [28]. It has been

demonstrated that Th17 cells play critical roles in inflam-

mation and autoimmune diseases since development of

Th17 cells is reciprocally related to Foxp3? Treg cells, and

Th17 cells can shift to Th1 lineage [25, 29]. Thus, the

microenvironment that promotes Th17 differentiation

likely facilitates antitumor immunity. It is demonstrated

that Th17 cells promoted dendritic cell recruitment into the

tumor tissues and increased tumor-specific CD8? T cells

resulting in potent antitumor reactivity [21]. This is con-

sistent with our data that treatment with CD133? tumor-

specific CD4? T cells, which included Th17, resulted in

long-lasting accumulation of T cells and activated DCs in

tumors (Figs. 4, 5, and 6). On the other hand, Th17-asso-

ciated cytokines, such as IL-17 and IL-6, may promote

tumor growth through tumor neovascularization and car-

cinogenesis via STAT-3 signaling [30, 31]. In patients with

prostate cancer, ovarian cancer, and small cell lung cancer,

it is revealed that Th17 differentiation inversely correlated

with tumor progression [23, 32, 33]. More recently, it was

demonstrated that treatment with antibody against cyto-

toxic T lymphocyte antigen 4 induces Th17 cells in patients

with melanoma and favors survival [34]. These data

strongly suggest that Th17 cells play a protective role in

human antitumor immunity [28].

CD133? melanoma-specific antigens preferentially

induce Th17 and Th1, but not Treg or Th2, cells. Immu-

notherapy with CD133? tumor-specific T cells mediated

potent therapeutic efficacy, effectively curing mice of the

established parental tumors. These CD133? tumor-specific

immune responses not only eradicated CD133? tumor cells

but also promoted induction of T cells that recognized

CD133- tumor antigens. It is still unclear why CD133?

cells are superior to CD133- cells in inducing protective

immunity. We examined whether CD133? cells possess

molecules that could stimulate DCs; however, no differ-

ences were observed in the surface expression of CD80,

CD86, CD40L, and OX40L (data not shown). Cytokines

that affect DC differentiation, such as IL-4, IL-12, and

IL-23, were also examined with ELISA. Either CD133? or

CD133- tumor cells produced detectable cytokines. Fur-

ther, we conducted proteome analyses and found 4 proteins

that were preferentially expressed in CD133? tumor cells.

Thus, it is possible that the CD133? tumor-specific pro-

teins are immunogenic to induce antitumor protective

immunity. Taken together, CD133? tumor-specific anti-

gens are ideal immunogenic targets and have important

implications in antitumor vaccination therapy.
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