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IL-21-Mediated Potentiation of Antitumor Cytolytic and
Proinflammatory Responses of Human V␥9V␦2 T Cells for
Adoptive Immunotherapy1
Aurélie Thedrez,* Christelle Harly,* Alexis Morice,* Samuel Salot,† Marc Bonneville,2*
and Emmanuel Scotet2*
V␥9V␦2 T lymphocytes are a major human ␥␦ T cell subset that react against a wide array of tumor cells, through recognition
of phosphorylated isoprenoid pathway metabolites called phosphoantigens. Immunotherapeutic protocols targeting V␥9V␦2 T
cells have yielded promising, yet limited, signs of antitumor efficacy. To improve these approaches, we analyzed the effects on ␥␦
T cells of IL-21, a cytokine known to enhance proliferation and effector functions of CD8ⴙ T cells and NK cells. IL-21 induced
limited division of phosphoantigen-stimulated V␥9V␦2 T cells, but did not modulate their sustained expansion induced by exogenous IL-2. V␥9V␦2 T cells expanded in the presence of IL-21 and IL-2 showed enhanced antitumor cytolytic responses, associated
with increased expression of CD56 and several lytic molecules, and increased tumor-induced degranulation capacity. IL-21 plus
IL-2-expanded V␥9V␦2 T cells expressed higher levels of inhibitory receptors (e.g., ILT2 and NKG2A) and lower levels of the
costimulatory molecule NKG2D. Importantly, these changes were rapidly and reversibly induced after short-term culture with
IL-21. Finally, IL-21 irreversibly enhanced the proinflammatory Th1 polarization of expanded V␥9V␦2 T cells when added at the
beginning of the culture. These data suggest a new role played by IL-21 in the cytotoxic and Th1 programming of precommitted
Ag-stimulated ␥␦ T cells. On a more applied standpoint, IL-21 could be combined to IL-2 to enhance ␥␦ T cell-mediated antitumor
responses, and thus represents a promising way to optimize immunotherapies targeting this cell subset. The Journal of Immunology, 2009, 182: 3423–3431.

M

ost peripheral blood ␥␦ T cells in human adults express a particular combination of TCR variable regions, V␥9 and V␦2. V␥9V␦2 T cells, which make up
0.5–5% of the peripheral lymphoid pool, recognize in vitro a wide
array of transformed and infected cells and are activated in vivo in
a variety of infectious and tumor contexts. This broad reactivity
pattern is due to V␥9V␦2 TCR-dependent recognition of a particular set of phosphorylated compounds, referred to as phosphoantigens. Phosphoantigens are produced through the isoprenoid pathway shared by either mammalian cells (mevalonate pathway) or
microorganisms (desoxyxylulose-phosphate pathway) (1–3). Owing to their ability to directly kill tumor cells and produce inflammatory cytokines boosting antitumor properties of other immune
effectors (such as IFN-␥), V␥9V␦2 T cells probably contribute to
protective immunity against cancers. These observations, and the
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recent availability of synthetic clinical grade phosphoantigens or
pharmacological inhibitors of the mevalonate pathway (e.g., aminobisphosphonates) able to trigger V␥9V␦2 T cell proliferation
and antitumor responses (4 –7), have fostered development of immunotherapeutic approaches targeting this ␥␦ subset (see for recent reviews Refs. 7–9). Phosphoantigens or aminobisphosphonates together with IL-2 can trigger the selective outgrowth of
V␥9V␦2 T cells in vitro and in vivo in both preclinical (nonhuman
primate) models and in cancer patients (10, 11). Passive immunotherapy, resting on adoptive transfer of autologous in vitro expanded V␥9V␦2 T cells (12–15), has been so far evaluated in
phase I trials in metastatic renal carcinoma patients (16, 17). Regarding active immunotherapy, both preclinical studies and phase
I/II trials performed in myeloma, lymphoma, and metastatic renal
carcinoma and prostate cancer patients have demonstrated efficient
but transient in vivo V␥9V␦2 T cell systemic expansions after
treatment with ␥␦ agonists and IL-2 (10, 18, 19). These treatments
are generally well tolerated with limited side effects and may lead
to disease stabilization or partial tumor regression in some treated
patients (17–19).
Although yielding encouraging results in terms of feasibility,
tolerance and preliminary efficacy, V␥9V␦2-based immunotherapies might not yet be optimal owing in particular to the
limited, yet significant, killing of primary tumors by these lymphocytes. A way to improve clinical efficacy of V␥9V␦2 T cellbased immunotherapies could be through enhancement of the
overall antitumor effector response, possibly with potentiators
of cytolytic and proinflammatory properties. In this respect,
IL-21 represents a good candidate for such a purpose. IL-21R is
broadly expressed by lymphoid cells, including activated ␥␦ T
cells (20). This cytokine acts synergistically with IL-2, IL-7, or
IL-15 to induce proliferation of conventional naive and memory
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CD8⫹ T cells (21) as well as CD1d-restricted NKT cells (22,
23). Similarly IL-21 has been shown to drive short-term proliferation of human ␥␦ T cells (20, 24). On a functional standpoint, IL-21 has been involved in the functional polarization of
T cells, more particularly toward production of proinflammatory Th17 cytokines like IL-21, IL-22, and IL-17, and it may
affect Th1/Th2 polarization as well, reviewed in (25). It also
enhances antitumor immunity in vitro and in vivo through
mechanisms involving up-regulation of perforin and granzyme
production by NK or CD8⫹ T cells (26 –28). Although IL-21
leads to acquisition of a follicular B helper-like phenotype by
human V␥9V␦2 T cells (20, 24), its effects on cytokine and
cytolytic responses elicited by tumor cells have not yet been
assessed.
In this study, we show that human recombinant IL-21: 1) does
not sustain, by itself, long-term Ag-induced V␥9V␦2 T cell proliferation in vitro, 2) neither inhibits nor enhances IL-2-induced
proliferation of Ag-stimulated ␥␦ T cells, 3) dramatically increases, in a rapid but reversible manner, the expression of several
lytic effector molecules and antitumor lytic activity of ␥␦ T cells
and, 4) drives V␥9V␦2 T cell cytokine polarization during in vitro
expansion toward an effector proinflammatory phenotype. Altogether our results indicate that IL-21 can be combined with IL-2
for in vitro or in vivo generation of V␥9V␦2 T cells showing
enhanced antitumor functions. Moreover, our data provide new
evidence that IL-21 can affect the differentiation/polarization of
human ␥␦ T cells, by driving them toward a proinflammatory Th1
cytokine profile.

Materials and Methods
Abs and flow cytometry
The following mAbs (with clone number) were used for extracellular stainings: V␦2-FITC (IMMU389), CD3-PC5 (UCHT1), CD56-PE (N901),
CD45RA-PE (ALB11), CD27-PC5 (1A4), CD244-PE (C1.7), NKG2D-PE
(ON72), NKG2A-PE (Z199), ILT2-PE (HP-F1) from Immunotech/Beckman Coulter; CD107a-FITC (H4A3) and CD107b-FITC (H4B4) from BD
Biosciences; and V␥9-allophycocyanin (7B6) provided by Innate Pharma.
For intracellular stainings, IFN-␥-allophycocyanin (B27), IL-4-PE (MP425D2), granzyme A-FITC (CB9), granzyme B-FITC (GB11), and perforin-PE (␥G9) were obtained from BD Biosciences. Isotype-matched
mAbs were obtained from BD Biosciences, Beckman Coulter, or R&D
Systems and used as staining controls. Flow cytometry acquisition and
analysis were performed by using LSR/FACSCalibur (BD Biosciences)
and CellQuest Pro (BD Biosciences) systems with FlowJo (Tree Star)
software.

plemented with IL-2 (60 ng/ml) or IL-21 (30 ng/ml). Specific expansion
of V␦2⫹ T cells within PBL was measured by calculating frequency
(V␦2/CD3 stainings) and absolute (V␦2 T cell number) at days 5, 7, 10,
14, and 20 following activation. The fold amplification rates of V␦2⫹ T
cells were calculated according to the following formula: (absolute
number of V␦2⫹ T cells)/(absolute number of V␦2⫹ T cells at day 0).
Resting V␥9V␦2 PBL lines expanded under these conditions were
checked for purity by flow cytometry (⬎80% of V␦2⫹ T cells) and
subsequently used in phenotype/functions experiments. For gene expression analysis, ␥␦ T cells were purified following in vitro expansion
by positive magnetic selection by using MACS technology (Miltenyi
Biotec), according to the manufacturer’s instructions.

Cell division analysis
Freshly isolated PBMC were labeled with CFSE (2 M) for 15 min at
37°C, washed and maintained for 15 min at 37°C in RPMI-FCS medium to
allow the release of dye excess, according to the manufacturer’s instructions. Labeled cells (1 ⫻ 106 cells/ml) were activated by C-HDMAPP (80
nM) in the presence of IL-2 (60 ng/ml) or IL-21 (30 ng/ml). After 3 days
of culture, cells were harvested and stained for TCR V␥9 chain, CD27, and
CD45RA surface expression. Cell division profile and surface markers expression were measured by flow cytometry. Peaks of cell division and
frequency were calculated by using the Proliferation Platform of the
FlowJo analysis software.
51

Cr release assays

Cytolytic activity of V␥9V␦2 PBL was measured by a standard 4-h 51Cr
release assay (30). Percentage of tumor target cell lysis was calculated
according to the following formula: (experimental release ⫺ spontaneous
release)/(maximum release ⫺ spontaneous release) ⫻ 100. Maximum and
spontaneous release were determined, respectively, by adding 0.1% Triton
X-100 or medium to 51Cr-labeled tumor target cells in the absence of ␥␦ T
cells. Data are presented as the mean of triplicate samples. Lytic units were
calculated by using the formula described by Friberg and colleagues (31).
Lytic units were used to represent lytic activity that increases with potency
per lytic batch, where a lytic batch equals 106 effector cells. An estimate of
lysis at 20% was calculated from a regression line plotting percentage of
lysis by E:T ratio of 20 by using the following formula: 106/(20)(3 ⫻ 103),
where 106 was the standard number of effector cells and 3 ⫻ 103 was the
standard number of targets.

CD107 mobilization assays
V␥9V␦2 T cells (2 ⫻ 105 cells/well) were activated by either C-HDMAPP
(80 nM) or tumor cells at a ␥␦ T cell to target cell ratio of 1:1 at 37°C
in RPMI-FCS containing monensin (10 M) and a combination of
FITC-conjugated anti-CD107a and anti-CD107b mAbs. After 4 h, cells
were harvested, stained with a TCR V␥9-specific mAb and fixed with
0.5% paraformaldehyde. Double-stained cells were analyzed by flow
cytometry.

Reagents

Comparative gene expression analysis

Synthetic C-HDMAPP (IPH1201/Picostim) was provided by Innate
Pharma (29). Recombinant human IL-2 (Proleukin) and IL-21 were obtained, respectively, from Chiron Therapeutics and Clinisciences. CFDASE, (CFSE) was obtained from Molecular Probes/Invitrogen. Brefeldin A,
L-glutamine, streptomycin, penicillin, monensin, PMA, ionomycin, and
RPMI 1640 were purchased from Sigma-Aldrich.

V␥9V␦2 PBL were amplified within human PBMC of three different
healthy donors under IL-2 or IL-2⫹IL-21 conditions and purified 3 wk
after the initial C-HDMAPP activation by using magnetic positive ␥␦ selection (purity ⬎99%) and stored as frozen pellets. RNA was extracted
(NucleoSpin RNA II; Macherey-Nagel) and quality checked (RNA integrity number between 9.6 and 10) using an Agilent 2100 Bioanalyzer platform (Agilent Technologies). The total of 1 g of total RNA was used for
a linear T7-based amplification step and checked as described. Fluorescently labeled (Cy3/Cy5) cDNAs were hybridized to topic-defined glass
slides (1076 genes spotted in quadruplicates) PIQOR Immunology Microarrays (Miltenyi Biotec) and scanning was performed by the Miltenyi
Microarray Service. Hybridization, scanning, and data analysis were performed according to the PIQOR protocol and comply with the MIAME
standards (minimum information about a microarray experiment standards). In this assay, the PIQOR Analyzer calculates all normalized mean
Cy5/Cy3 ratio (IL-2⫹IL-21 to IL-2 ratio) of the four replicates per gene
(including the respective coefficient of variation). A fold change ⱖ1.7 was
considered to be a good discriminatory criteria to select genes of interest.
Genes that did not pass the quality filtering for very low signal intensity
were not evaluated (⬍2-fold above average signal intensity of the background in both Cy3 and Cy5 channels). Data have been deposited in the
NCBI GEO database (http://geo@ncbi.nlm.nih.gov) as accession number
GSE13912.

Tumor cell lines
The 786-0 (renal adenocarcinoma) and Raji (Burkitt’s lymphoma) human
tumor cell lines were obtained from the American Type Culture Collection
and cultured at 37°C in RPMI-FCS medium (RPMI 1640 medium supplemented with 10% FCS, 2 mM L-glutamine, 100 g/ml streptomycin, and
100 U/ml penicillin).

Expansion of human V␥9V␦2 PBL
PBMC of human healthy donors (identified in this study as Donor A–H)
were isolated from blood samples and obtained from the Etablissement
Français du Sang (Nantes, France) after Ficoll-Hypaque (Eurobio) density centrifugation. For V␥9V␦2 PBL expansions, fresh or frozen
PBMC (1 ⫻ 106 cells/ml) were specifically activated by C-HDMAPP
(80 nM) in RPMI-FCS medium supplemented with recombinant human
IL-2 (20 ng/ml) or IL-21 (10 ng/ml). After 4 days, cultures were sup-
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FIGURE 1. Effects of IL-21 on the expansion of
V␥9V␦2 PBL following activation by phosphoantigens.
A and B, kinetics of V␦2⫹CD3⫹ cells frequency within
PBMC of a healthy human donor (Do#A) (A) and corresponding fold amplifications relative to day 0 (B) were
measured following a specific activation (C-HDMAPP, 80
nM) performed in the absence of any cytokine (Medium)
or in IL-2- or IL-21-supplemented medium. C, distribution
of V␥9V␦2 PBL according to their CFSE fluorescence is
shown at day 3 in culture performed under conditions described in A and B. D, analysis of the memory status of
V␥9V␦2 PBL generated in the same experiment. The percentage of naive (N) (CD27⫹/CD45RA⫹), central memory (CM) (CD27⫹/CD45RA⫺), effector memory (EM)
(CD27⫺/CD45RA⫺), and terminally differentiated effector
memory (TEMRA) (CD27⫺/CD45RA⫹) cells are indicated within each dividing ␥␦ subset. One representative
result of at least three experiments performed by using
PBMC samples from different donors is shown.

Measurement of IFN-␥ and IL-4 responses
␥␦ T cells (3 ⫻ 104 cells/well) were activated with C-HDMAPP (0.8 and
80 nM) or PMA/ionomycin at 37°C in RPMI-FCS medium (200 l/well).
After 24 h, supernatants were harvested and analyzed for IFN-␥ and IL-4
secretion by ELISA following standard procedures. Data are presented as
the mean of triplicate samples. For intracellular cytokine detection, ␥␦ T
cells (2 ⫻ 106 cells/well) were activated for 5 h at 37°C in RPMI-FCS by
adding grading doses of C-HDMAPP (up to 100 nM) or PMA/ionomycin.
After 2 h, intracellular accumulation of cytokines was induced by adding
brefeldin A (10 g/ml). After 3 h, cells were collected, stained for TCR
V␦2 chain expression and fixed at 4°C with 0.5% paraformaldehyde. Fixation was followed by a cell permeabilization with BD PhosFlow Perm/
Wash buffer (BD Biosciences) for 20 min and by incubation with IFN-␥and IL-4-specific mAbs for 30 min. Stained cells were analyzed by flow
cytometry.

sions at the same time point. In line with a previous study (24),
␥␦ T cells with a central memory (CD27⫹CD45RA⫺) phenotype were more frequent in IL-21- than IL-2-supplemented cultures,

Results
IL-21 fails to induce long-term proliferation of ex vivo V␥9V␦2
PBL following phosphoantigen activation
We studied the effects of recombinant human IL-21 on human
ex vivo V␥9V␦2 PBL, by measuring its ability to trigger either
cell division or differentiation, following exposure to C-HDMAPP,
a potent synthetic V␥9V␦2 T cell agonist. Grading doses of
IL-21 induced limited and transient increase of the frequency of
V␦2⫹ T cells within PBMC (from 10 to 20%) but did not promote efficient ␥␦ T cell expansion when compared with IL-2
(⬎80%) (Fig. 1, A and B) (also see supplemental Fig. S1).3
Accordingly ␥␦ T cells could not be maintained more than 10
days in IL-21-supplemented cultures. These observations suggest that IL-21 induces cell division but is not sufficient, by
itself, to sustain full proliferation of activated V␥9V␦2 T cells.
To further address this issue, we combined CFSE dilution assays and phenotypic analysis of the memory status of V␥9V␦2
T cells, 3 days after initial antigenic activation. As shown in
Fig. 1C, IL-21 induced a significant entry into cell division
(more than 75% of dividing cells in which more than 50%
achieved 1–2 divisions). However, the average number of cell
divisions was much higher in IL-2-supplemented cultures, in
which the majority of activated ␥␦ T cells achieved 2–3 divi3

The online version of this article contains supplemental material.

FIGURE 2. Effects of IL-21 in combination with IL-2 on the expansion
of V␥9V␦2 PBL following activation by phosphoantigens. A and B, Kinetics of V␦2⫹CD3⫹ cell frequency within PBMC of a healthy human
donor (Do#B) (A) and corresponding fold amplification relative to day 0
(B) were measured following a specific activation (C-HDMAPP, 80 nM)
performed in the absence of any cytokine (Medium) or in IL-2- or IL2⫹IL-21-supplemented medium. C, distribution of V␥9V␦2 PBL according to their CFSE fluorescence is shown at day 3 in culture performed
under the conditions described in A and B. D, analysis of the memory status
of V␥9V␦2 PBL generated in the same experiment. Percentages of naive
(N) (CD27⫹/CD45RA⫹), central memory (CM) (CD27⫹/CD45RA⫺), effector memory (EM) (CD27⫺/CD45RA⫺), and terminally differentiated
effector memory (TEMRA) (CD27⫺/CD45RA⫹) cells are indicated within
each dividing ␥␦ subset. One representative result of at least three experiments performed using PBMC samples from different donors is shown.
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FIGURE 3. IL-21 modulates the
expression NK receptors and lytic
molecules in V␥9V␦2 PBL expanded
following activation by phosphoantigens. Expression of cell surface
markers (CD56, CD244, NKG2D,
NKG2A, and ILT2) and intracellular
lytic molecules (granzyme A, granzyme B, and perforin) was measured
at day 25 postactivation by flow cytometry in V␥9V␦2 PBL (Do#D)
generated in IL-2- or IL-2⫹IL-21supplemented medium. Background
stainings obtained using isotype control Abs are also shown (gray-filled
histogram).

even among cells having achieved several divisions (Fig. 1D). Altogether these results indicate that IL-21, though triggering ␥␦ T
cell division with maintenance of the central memory subset, is
unable to promote long-term ex vivo expansion of activated human
PBMC-V␥9V␦2 T cells.
IL-21 neither synergizes nor interferes with IL-2
We further analyzed the pro-proliferative activity of IL-21 in
combination with IL-2 on the ex vivo expansion of PBMCV␥9V␦2 T cells. IL-21 did not synergize or interfere with IL2-induced proliferation because similar enrichment for V␥9V␦2
T cells (⬎80% of V␦2⫹ T cells) and expansion (⬎2.000-fold)
were observed in IL-2- vs IL-2⫹IL-21-supplemented cultures
(Fig. 2, A and B). Moreover, IL-21 did not synergize nor inhibited entry into cell division of activated ␥␦ T cells, as indicated by the similar CFSE profiles of PBMC cultured in both
conditions (Fig. 2C). Finally, like IL-2-supplemented cultures,
most V␥9V␦2 T cells stimulated by both IL-21 and IL-2 displayed an effector memory phenotype (Fig. 2D). This response
suggests that the increased frequency of central memory cells
within IL-21-supplemented cultures reflects the limited proliferative activity of these cells rather than a specific effect targeting a particular memory subset.

IL-21 polarizes V␥9V␦2 T cells toward a CTL effector
phenotype
To further investigate the effects of IL-21 on human ␥␦ T cell
differentiation, we performed a comparative phenotypic analysis of ex vivo Ag-stimulated PBMC-V␥9V␦2 T cells in IL-2
alone or in combination with IL-21, using mAbs specific for
chemokine and NK receptors, adhesion molecules, activation
and memory markers, and lytic effector molecules. V␥9V␦2 T
cells that expanded in the presence of either IL-2 plus IL-21 or
IL-2 alone expressed similar levels of ␥␦ TCR, chemokine receptors (e.g., CXCR3), adhesion molecules (e.g., CD11a), and
activation/memory markers (e.g., CD16) (see supplemental Table S2).3 However IL-2⫹IL-21-supplemented cultures expressed significantly higher levels of lytic granules such as
granzyme A, granzyme B, and perforin, when compared with
standard IL-2 conditions (Fig. 3) (see also supplemental Table
S2).3 Accordingly semiquantitative PCR analysis showed higher
levels of mRNA coding for granzymes and perforin in IL-2⫹IL21- than in IL-2-supplemented V␥9V␦2 T cells. Therefore, this
observation suggests that IL-21 acts primarily at the level of transcription or stability of mRNA encoding these lytic molecules
(data not shown). Interestingly, increased expression levels of inhibitory NK receptors (e.g., NKG2A, ILT2, and CD244 (2B4)) and

The Journal of Immunology

3427

FIGURE 4. IL-21 enhances antitumor cytolytic activity of V␥9V␦2 T cells. A, cytolytic activity in V␥9V␦2 PBL lines from healthy human donor (Do#C),
generated following activation by phosphoantigen in IL-2- or IL-2⫹IL-21-supplemented medium, were measured by 51Cr release assay after coculture together
with V␥9V␦2-susceptible (786-0) or V␥9V␦2-resistant (Raji) tumor cell targets at increasing ␥␦ T cell to target ratios. B, Lytic units (per 106 effector cells) in
V␥9V␦2 PBL expanded in IL-2-supplemented (open symbols) or IL-2⫹IL-21-supplemented (filled symbols) medium were calculated according to the formula
described in Materials and Methods. Three independent experiments are shown. Horizontal bar indicates calculated median values. C, V␥9V␦2 PBL (Do#C)
expanded in IL-2-supplemented medium (left) were preincubated in IL-2⫹IL-21 medium for 5 days (‚), 2 days (〫), or 16 h (E) before coculture at day 29 with
tumor target cells. Cytolytic activity of V␥9V␦2 PBL was measured at the indicated ␥␦ T cell to target ratio and compared with the values obtained with V␥9V␦2
PBL expanded and maintained for 29 days in IL-2 (䡺) or IL-2⫹IL-21 (f) medium. V␥9V␦2 PBL were expanded in IL-2- or IL-2⫹IL-21-supplemented medium
and cultured at day 18 (right), respectively, in IL-2-supplemented (F) or in IL-2⫹IL-21-supplemented (E) medium. Cytolytic activity of V␥9V␦2 PBL were
measured at day 30 and compared with cultures maintained with IL-2 (䡺) and IL-2⫹IL-21 (f). Data are presented as the mean ⫾ SEM of triplicate samples. D,
CD107 mobilization was measured by flow cytometry in V␥9V␦2 PBL expanded with IL-2 or IL-2⫹IL-21 and activated at day 27 by C-HDMAPP or 786-0 tumor
cells (␥␦T cell to target ratio of 1:1). The percentage of CD107a/b⫹ cells and mean fluorescence intensity (MFI) are indicated. Cytotoxicity and CD107 mobilization
experiments were conducted at least three independent times and one representative result of at least three experiments is shown.
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FIGURE 5. Comparative analysis of gene expression in V␥9V␦2 PBL
expanded with IL-2 or IL-2⫹IL-21. Values correspond to fold changes in
V␥9V␦2 PBL generated IL-2⫹IL-21-supplemented medium and compared
with IL-2 cultures, based on quadriplicate microarray experiments. A selection of the products (genes of a known immunological relevance in T
cells) of the most strongly upmodulated (positive values) and downmodulated (negative values) transcripts prepared at day 23 from healthy human
donors (Do#F and Do#G) or at day 28 (Do#C) postactivation is presented.
Granzyme B (GzB), IFN-␥, TNF-␣, galectin-3 (Gal-3), CD95 ligand
(CD95L), STAT-3, CXCR4, and IL-4 are represented. Microarray data
were performed by comparing ␥␦ T cell samples from three different donors (Do#C, Do#F, and Do#G) and generated in both cytokine conditions.
Horizontal bar indicates median fold change value.

lower levels of costimulatory NK receptors (e.g., NKG2D) were
detected in ␥␦ T cells amplified with IL-21, as compared with
standard IL-2 conditions. Also consistent with enhanced differentiation toward an effector phenotype (32), IL-21-supplemented ␥␦
T cells showed increased expression of CD56 (Fig. 3) (and see
supplemental Table S2).3
IL-21 enhances the specific antitumor cytolytic activity of
V␥9V␦2 T cells
We next tested whether increased accumulation of lytic molecules
within IL-21-treated V␥9V␦2 T cells could result in modulation of
their specific antitumor cytolytic activity. To this end, we compared cell-mediated lysis of naturally V␥9V␦2 T cell-susceptible
(786-0) or T cell-resistant (Raji) tumor cell targets. Although IL21-supplemented V␥9V␦2 T cells did not lyse to significant extent
Raji cells, their cytolytic activity against susceptible 786-0 cells
was approximately five times higher than that of IL-2-supplemented cultures, when estimated as lytic units (see Material and
Methods) (Fig. 4, A and B). Similar results were obtained with
several other V␥9V␦2-susceptible tumor targets, such as SW-1116
(a colorectal adenocarcinoma), 769-P, G401, and G402 (renal carcinomas) (data not shown). Consistent with expression of MHC
class I-specific inhibitory NK receptor, V␥9V␦2 T cells lyse more
efficiently ␤2-microglobulin (␤2m)4 knockdown tumor target than
wild-type ones (33). However despite modulation of some activating or inhibitory NK receptor by IL-21 (Fig. 3), IL-21 enhanced to
a similar extent lysis of both wild-type and ␤2m knockdown target
cells (see supplemental Fig. S3).3
4

Abbreviation used in this paper: ␤2m, ␤2-microglobulin.

FIGURE 6. IL-21 drives V␥9V␦2 PBL functions toward proinflammatory Th1 responses. A, ELISA titrations of IL-4 (left) and IFN-␥ (right)
produced in culture supernatants by V␥9V␦2 PBL of a healthy human
donor (Do#C) expanded for 34 days in IL-2- or IL-2⫹IL-21-supplemented
medium and activated by C-HDMAPP (at 0.8 and 80 nM) or PMA/ionomycin (PMA/iono). Data are presented as the mean ⫾ SEM of triplicate
samples. Asterisk shows saturating levels of cytokines. B, Intracellular accumulation of IL-4 (left) and IFN-␥ (right) in the same V␥9V␦2 PBL (IL-2
vs IL-2⫹IL-21) following activation by grading doses of C-HDMAPP or
PMA/ionomycin (PMA/iono). C, Kinetics of proinflammatory Th1 programming of V␥9V␦2 PBL induced by IL-21. V␥9V␦2 PBL (Do#H) were
specificallly activated by C-HDMAPP in the presence of IL-2 (day 0).
Expanding V␥9V␦2 T cells were transferred in IL-2⫹IL-21-supplemented
medium at the indicated time points (days 3, 5, 7, 11, 14, and 18). Intracellular accumulation of IL-4 (left) and IFN-␥ (right) induced following a
recall activation at day 34 was measured as described in B. Scale (right
side) indicates percentage of IL-4-producing ␥␦ T cells following activation by PMA/ionomycin.

Importantly, IL-21 enhanced within 16 h the specific antitumor
cytolytic activity of Ag-stimulated V␥9V␦2 PBL expanded in
IL-2. Moreover, removal of IL-21 from the culture medium lowered the cytolytic activity of V␥9V␦2 T cells expanded in IL2⫹IL-21 to the basal levels obtained with IL-2-supplemented cultures. This response indicates that the effect of IL-21 on V␥9V␦2
CTL activity is a reversible process (Fig. 4C). To extend these
observations, we analyzed the polarized exocytosis of secretory
lysosomes by measuring cell surface mobilization of CD107a/b
(also called LAMP-1/2), which correlates with functional recognition of target cells by T lymphocytes (34). V␥9V␦2 T cells amplified under IL-21 conditions underwent much stronger CD107a/b
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degranulation when incubated with 786-0 target cells than ␥␦ T
cells cultured in IL-2 alone (50.8% vs 7.3% of positive ␥␦ T cells)
(Fig. 4D). Altogether, our results indicate that IL-21 can rapidly
boost in a reversible fashion the specific antitumor cytolytic functions of cultured V␥9V␦2 T cells, presumably through up-regulation of lytic molecules production.
IL-21 drives functional programming of V␥9V␦2 PBL toward a
proinflammatory Th1 phenotype
To better characterize the effects of IL-21 on the acquisition of
particular antitumor effector functions during in vitro expansion of
V␥9V␦2 PBL, we compared the transcriptomes of magnetically
sorted Ag-stimulated V␥9V␦2 T cells, from three donors, expanded with either IL-2 or IL-2⫹IL-21 using microarrays spotted
with a selected set of 1076 genes (see Materials and Methods). A
direct comparison of the two cytokine conditions revealed few
changes of the gene expression program (see supplemental Fig.
S4).3 As shown in Fig. 5, IL-21 triggered a significant up-regulation in at least two of three donors of genes coding for molecules
associated with a CTL proinflammatory phenotype such as granzyme B, IFN-␥, TNF-␣, and CD95 ligand. STAT-3, a major target
of the IL-21R signaling cascade, was also up-regulated, though to
a lower extent. By contrast CD102 (ICAM-2), CXCR4, and IL-4
were strongly downmodulated by IL-21. Consistent with enhanced
Th1 polarization induced by IL-21, we found by semiquantitative
PCR decreased levels of mRNA coding for GATA-3, a critical
transcription factor implicated in the regulation of IL-4 production
by Th2 cells (data not shown).
To confirm these effects at the protein level, we performed a
comparative analysis of IFN-␥ (Th1) and IL-4 (Th2) production
induced after a recall activation (by either C-HDMAPP or PMA/
ionomycin) in resting V␥9V␦2 T cells that were previously expanded in IL-2 vs IL-2⫹IL-21. ELISA titrations in culture supernatants (Fig. 6A) and intracellular stainings for IFN-␥ and IL-4
(Fig. 6B) (see also supplemental Fig. S5A)3 indicated that 10 –20%
of IL-2 supplemented ␥␦ T cells produced IL-4 following phosphoantigen stimulation. By contrast IL-21-supplemented cultures
produced almost exclusively IFN-␥, thus indicating enhanced Th1
polarization. Accordingly IL-2⫹IL-21-supplemented ␥␦ T cells
yielded enhanced tumor-induced IFN-␥ responses, when compared
with IL-2 cultures (see supplemental Fig. S5B).3
We next sought to establish whether, similarly to cytolytic effector function, such a biased Th1 polarization could be induced or
reverted by either short-term exposure or removal of IL-21. To this
end, we performed kinetics experiments in which IL-21 was added
at different time points following the initial C-HDMAPP activation
(day 0) in the presence of IL-2. As shown in Fig. 6C, IL-21 induced Th1 polarization of day 0, day 3, and day 5 cultures (also see
supplemental Fig. S5C).3 However IL-21 was no longer able to
inhibit IL-4 programming of V␥9V␦2 T cells cultured at least for
1 wk in IL-2. Moreover, removal of IL-21 from cells expanded in
both IL-2 and IL-21 did not restore IL-4 responses, even after 2 wk
of culture in IL-2 alone. Importantly, these results could not be
accounted for the production of IL-21 by V␥9V␦2 T cells (data not
shown).

Discussion
The primary aim of this study was to design improved ␥␦ T cell
based immunotherapeutic approaches combining synthetic ␥␦ agonists and cytokines known to stimulate effector functions associated with enhanced tumor clearance. To this end, IL-21 represented an interesting candidate as it was shown not only to trigger
proliferation of NK cells and Ag-stimulated T cells but also to
boost their cytolytic properties and particular cytokine responses.
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Although our results extend to the ␥␦ system several properties of
IL-21 described for other lymphoid subsets, they bring new insights into the role played by this cytokine in the acquisition or
potentiation of unexpected functions by in vitro expanded ␥␦ T
cells. In particular we show that IL-21 up-regulated in a rapid and
reversible way antitumor properties and cytolytic effector functions of V␥9V␦2 T cells. Moreover IL-21 enhanced in a slower
and irreversible way Th1 differentiation of V␥9V␦2 cells stimulated by Ag and IL-2. On a more applied standpoint, these results
allowed us to propose new protocols leading to large scale expansion of ␥␦ T cells with enhanced antitumor properties, that could
be easily set up under clinical grade conditions.
Because IL-21 was previously shown to trigger proliferation of
Ag-stimulated ␥␦ T cells, we initially tested whether this cytokine
could be used for large scale expansion of these lymphocytes. In
line with previous reports, IL-21 induced short-term proliferation
of Ag-stimulated ␥␦ T cells. However, unlike IL-2, IL-21 failed to
induce efficient and long-term amplification of stimulated ␥␦ T
cells. This result lead us to further assess the combined effect of
IL-21 and IL-2 on the proliferation of Ag-stimulated ␥␦ T cells and
to compare the functional properties of ␥␦ T cells cultured with
either IL-2, IL-21, or both cytokines.
In agreement with previously published data, short-term ␥␦ T cell
cultures stimulated in the presence of IL-21 alone were enriched for
lymphocytes with a central memory (CD27⫹CD45RA⫺) phenotype,
which could reflect polarization toward a follicular helper phenotype,
as suggested by enhanced CXCL13 production (20). By contrast,
whereas the combination of IL-2 and IL-21 allowed strong expansion
of Ag-stimulated ␥␦ T cells, most actively dividing cells displayed an
effector memory (CD27⫺CD45RA⫺) phenotype. Because these features were very similar to those of IL-2-supplemented cultures, we
tested whether the combination of IL-21 and IL-2 could induce acquisition of unique properties by stimulated ␥␦ cells. In line with
previous studies performed on NK, NKT, or CD8⫹ T cells (23, 26,
35), IL-21⫹IL-2-supplemented ␥␦ T cells showed up-regulation of
2B4 (CD244), NKG2A, and ILT2 and downmodulation of NKG2D,
when compared with IL-2-supplemented cultures. The functional significance of these phenotypic alterations are still unclear; in particular,
although several of these NK receptors are known to either enhance or
inhibit cytotoxicity upon engagement by ␤2m-associated molecules
(33), differential susceptibility of ␤2m knockdown vs wild-type targets to V␥9V␦2 lysis was not affected by IL-21⫹IL-2 treatment,
when compared with IL-2 alone.
One of the most striking effects induced by IL-21⫹IL-2 on stimulated ␥␦ T cells was a dramatic increase of cytotoxic activity
associated with enhanced tumor cell killing. This activity could be
due to several nonexclusive mechanisms. IL-21 may increase the
overall target avidity of V␥9V␦2 effectors. This enhanced activity
could be explained by increased expression of either CD95 ligand
or TRAIL whose transcript levels were enhanced in ␥␦ T cells by
IL-21 treatment. However, we failed to detect increased expression
of either these molecules at the protein level. Moreover, blocking
Abs directed against CD95 ligand and TRAIL did not affect renal
carcinoma cell lysis by IL-21-treated ␥␦ T cells, suggesting a minor role played by either of these two candidates. CD56, which is
up-regulated by IL-21, is known to establish homotypic interactions that could enhance binding of V␥9V␦2 T cells to CD56⫹
tumors. Increased CD56 expression may also reflect differentiation into effectors with enhanced cytolytic potential, as suggested by several studies (32, 36). Accordingly, IL-2⫹IL-21-expanded V␥9V␦2 T cells showed strong up-regulation of several
cytotoxic effector molecules, such as granzyme A, granzyme B,
and perforin. Although a similar up-regulation of these molecules
was previously reported in other IL-21-treated cell subsets, strong
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downmodulation of granzyme B by IL-21 was recently described
by Hinrichs et al. (37). These different behaviors might be explained by the cell differentiation status or the cytokinetic context:
whereas IL-21 may inhibit acquisition of cytolytic effector functions during priming of naive precursors, it may have an opposite
affect on memory T cells, as it typically the case here. Moreover,
IL-21 might repress effector functions when used alone but enhance them when used in conjunction with IL-2. The mechanisms
underlying coinduction or corepression of these effectors properties by IL-21 remain unclear but could involve modulation of several transcription factors known to control expression of perforin
and granzyme and to be regulated by IL-21, such as Eomesodermin (37–39) or STAT factors (40 – 42). In any case, the fact that
IL-21 up-regulated within a few hours of granzyme and perforin
expression on established ␥␦ T cell clones and purified polyclonal
lines indicates that this process is a direct consequence of IL-21R
signaling on ␥␦ T cells, even though we failed to detect any surface
expression of this receptor on these lymphocytes. However, the
results of RT-PCR assays indicate that V␥9V␦2 T cells express
substantial levels of the mRNA transcripts encoding for the specific IL-21R chain (data not shown).
Quite unexpectedly, granzyme and perforin expression in IL21⫹IL-2-supplemented cultures returned to baseline levels found
in IL-2-treated cells upon removal of IL-21. It will be interesting
to determine whether this reversible phenomenon, which to our
knowledge has not been reported before, parallels downmodulation or upmodulation of the previously mentioned transcription
factors. In line with their enhanced cytolytic potential, IL-21⫹IL2-treated ␥␦ T cells showed dramatically enhanced tumor-induced
degranulation and cytotoxicity against most V␥9V␦2-susceptible
tumor targets. Again in this study, this phenomenon was observed
within a few hours after exposure to IL-21 and was reversible.
Quite interestingly, IL-21 not only increased the percentage of ␥␦
T cells able to translocate CD107a/b to their surface upon tumor
recognition, but also increased the surface expression levels of
CD107a/b among positive cells, thus suggesting an overall increase in cytotoxic lysosomal granule production (34).
V␥9V␦2 T cells are classically considered as proinflammatory
Th1 memory cells, able to readily produce TNF-␣, IFN-␥ but no
IL-4 or IL-13 upon ex vivo Ag stimulation (43). For yet unknown
reasons, these cells rapidly and stably acquire the capacity to produce IL-4 upon in vitro culture in IL-2 (44). This induced IL-4
production was strongly and irreversibly inhibited by IL-21 when
the latter was added early after Ag stimulation of V␥9V␦2 T cells
in IL-2-supplemented medium. By contrast IFN-␥ production was
either unaffected or enhanced by addition of IL-21 early after in
vitro culture. This observation is reminiscent of previous studies
describing enhancement of either Th1 or Th2 polarization by IL-21
(39, 45– 47). Altogether, these data suggest that IL-21 is not a
primary modulator of Th1/Th2 programming but may strengthen
precommitment of memory cells toward either profile. By contrast,
IL-21 might inhibit both Th1 and Th2 polarization of naive T cells,
and favor instead their programming toward IL-17 production, as
suggested by several studies (25). It remains to be determined
whether IL-21 acts directly or indirectly on ␥␦ polarization. The
fact that IL-21-induced inhibition of IL-4 occurred only when this
cytokine was added from the beginning of the culture supports an
indirect effect, possibly mediated by APC present in this system.
Such an assumption will need to be confirmed through analysis of
purified ex vivo ␥␦ T cells.
On an applied standpoint, IL-21 did not allow long-term expansion of Ag-stimulated ␥␦ T cells at least in vitro. This departs from
previous studies describing efficient proliferation of NK and CD8⫹
T cells (21, 48, 49). This apparent discrepancy could reflect in-

volvement of cofactors not provided in the present study. Irrespective of this issue, IL-21 could nevertheless be used in conjunction
with IL-2 because it did not inhibit long-term expansion of
V␥9V␦2 T cells in the presence of the latter cytokine. In functional
terms, IL-21 could rapidly up-regulate cytolytic function and antitumor killing mediated by V␥9V␦2 T cells; this effect was extremely rapid and could be obtained even on cultured/preactivated
cells that had not been exposed before to this cytokine. Therefore,
in vitro IL-21 pretreatment of expanded ␥␦ T cells could be exploited in passive immunotherapeutic settings to enhance the antitumor efficacy of adoptively transferred ␥␦ T cells, although this
effect might be rapidly lost after in vivo transfer. IL-21 could be
also used in conjunction with V␥9V␦2 agonists to potentiate in
vivo cytotoxic programming of V␥9V␦2 T cells. In addition, based
on our in vitro findings, IL-21 might enhance IFN-␥ response of
V␥9V␦2 T cells when coadministered with V␥9V␦2 agonists and
IL-2. This response could be readily tested in nonhuman primates
owing to the availability of GMP-grade cytokines and ␥␦ T cell
agonists. Nevertheless one should be aware that IL-21 can boost
proliferation of some V␥9V␦2-susceptible tumors such as multiple
myeloma (50), thus precluding its use in vivo in this particular
indications.
In conclusion our results indicate that IL-21 could be combined
with IL-2 during specific in vitro expansion strategies to boost
direct and indirect antitumor properties of human V␥9V␦2 T cells.
This cytokine might therefore represent a candidate of choice that
should be tested for optimization of ␥␦ T cell-based immunotherapeutic protocols.

Acknowledgments
We thank Sophie Allain and Dr. Marie-Claire Devilder for expert technical
assistance.

Disclosures
The authors have no financial conflict of interest.

References
1. Constant, P., F. Davodeau, M. A. Peyrat, Y. Poquet, G. Puzo, M. Bonneville, and
J. J. Fournie. 1994. Stimulation of human ␥␦ T cells by nonpeptidic mycobacterial ligands. Science 264: 267–270.
2. Begley, M., C. G. Gahan, A. K. Kollas, M. Hintz, C. Hill, H. Jomaa, and
M. Eberl. 2004. The interplay between classical and alternative isoprenoid biosynthesis controls ␥␦ T cell bioactivity of Listeria monocytogenes. FEBS Lett.
561: 99 –104.
3. Bonneville, M., and J. J. Fournie. 2005. Sensing cell stress and transformation
through V␥9V␦2 T cell-mediated recognition of the isoprenoid pathway metabolites. Microbes Infect. 7: 503–509.
4. Espinosa, E., C. Belmant, F. Pont, B. Luciani, R. Poupot, F. Romagne, H. Brailly,
M. Bonneville, and J. J. Fournie. 2001. Chemical synthesis and biological activity
of bromohydrin pyrophosphate, a potent stimulator of human ␥␦ T cells. J. Biol.
Chem. 276: 18337–18344.
5. Kunzmann, V., E. Bauer, J. Feurle, F. Weissinger, H. P. Tony, and M. Wilhelm.
2000. Stimulation of ␥␦ T cells by aminobisphosphonates and induction of antiplasma cell activity in multiple myeloma. Blood 96: 384 –392.
6. Gober, H. J., M. Kistowska, L. Angman, P. Jeno, L. Mori, and G. De Libero.
2003. Human T cell receptor ␥␦ cells recognize endogenous mevalonate metabolites in tumor cells. J. Exp. Med. 197: 163–168.
7. Bonneville, M., and E. Scotet. 2006. Human V␥9V␦2 T cells: promising new
leads for immunotherapy of infections and tumors. Curr. Opin. Immunol. 18:
539 –546.
8. Thedrez, A., C. Sabourin, J. Gertner, M. C. Devilder, S. Allain-Maillet,
J. J. Fournie, E. Scotet, and M. Bonneville. 2007. Self/non-self discrimination by
human ␥␦ T cells: simple solutions for a complex issue? Immunol. Rev. 215:
123–135.
9. Scotet, E., S. Nedellec, M. C. Devilder, S. Allain, and M. Bonneville. 2008.
Bridging innate and adaptive immunity through ␥␦ T-dendritic cell crosstalk.
Front Biosci. 13: 6872– 6885.
10. Sicard, H., S. Ingoure, B. Luciani, C. Serraz, J. J. Fournie, M. Bonneville,
J. Tiollier, and F. Romagne. 2005. In vivo immunomanipulation of V␥9V␦2 T
cells with a synthetic phosphoantigen in a preclinical nonhuman primate model.
J. Immunol. 175: 5471–5480.
11. Casetti, R., G. Perretta, A. Taglioni, M. Mattei, V. Colizzi, F. Dieli, G. D’Offizi,
M. Malkovsky, and F. Poccia. 2005. Drug-induced expansion and differentiation
of V␥9V␦2 T cells in vivo: the role of exogenous IL-2. J. Immunol. 175:
1593–1598.

The Journal of Immunology
12. Viey, E., C. Laplace, and B. Escudier. 2005. Peripheral ␥␦ T-lymphocytes as an
innovative tool in immunotherapy for metastatic renal cell carcinoma. Expert
Rev. Anticancer Ther. 5: 973–986.
13. Salot, S., C. Laplace, S. Saiagh, S. Bercegeay, I. Tenaud, A. Cassidanius,
F. Romagne, B. Dreno, and J. Tiollier. 2007. Large scale expansion of ␥9␦2 T
lymphocytes: Innacell ␥␦ cell therapy product. J. Immunol. Methods 326: 63–75.
14. Bouet-Toussaint, F., F. Cabillic, O. Toutirais, M. Le Gallo, C. Thomas de la Pintiere,
P. Daniel, N. Genetet, B. Meunier, E. Dupont-Bierre, K. Boudjema, and V. Catros.
2007. V␥9V␦2 T cell-mediated recognition of human solid tumors: potential for
immunotherapy of hepatocellular and colorectal carcinomas. Cancer Immunol. Immunother. 57: 531–539.
15. Burjanadze, M., M. Condomines, T. Reme, P. Quittet, P. Latry, C. Lugagne,
F. Romagne, Y. Morel, J. F. Rossi, B. Klein, and Z. Y. Lu. 2007. In vitro expansion of ␥␦ T cells with anti-myeloma cell activity by Phosphostim and IL-2
in patients with multiple myeloma. Br. J. Haematol. 139: 206 –216.
16. Kobayashi, H., Y. Tanaka, J. Yagi, Y. Osaka, H. Nakazawa, T. Uchiyama,
N. Minato, and H. Toma. 2007. Safety profile and anti-tumor effects of adoptive
immunotherapy using ␥␦ T cells against advanced renal cell carcinoma: a pilot
study. Cancer Immunol. Immunother. 56: 469 – 476.
17. Bennouna, J., E. Bompas, E. M. Neidhardt, F. Rolland, I. Philip, C. Galea,
S. Salot, S. Saiagh, M. Audrain, M. Rimbert, et al. 2008. Phase-I study of Innacell
␥␦ trade mark, an autologous cell-therapy product highly enriched in ␥9␦2 T
lymphocytes, in combination with IL-2, in patients with metastatic renal cell
carcinoma. Cancer Immunol. Immunother. 57: 1599 –1609.
18. Wilhelm, M., V. Kunzmann, S. Eckstein, P. Reimer, F. Weissinger, T. Ruediger,
and H. P. Tony. 2003. ␥␦ T cells for immune therapy of patients with lymphoid
malignancies. Blood 102: 200 –206.
19. Dieli, F., D. Vermijlen, F. Fulfaro, N. Caccamo, S. Meraviglia, G. Cicero,
A. Roberts, S. Buccheri, M. D’Asaro, N. Gebbia, et al. 2007. Targeting human ␥␦
T cells with zoledronate and interleukin-2 for immunotherapy of hormone-refractory prostate cancer. Cancer Res. 67: 7450 –7457.
20. Vermijlen, D., P. Ellis, C. Langford, A. Klein, R. Engel, K. Willimann, H. Jomaa,
A. C. Hayday, and M. Eberl. 2007. Distinct cytokine-driven responses of activated blood ␥␦ T cells: insights into unconventional T cell pleiotropy. J. Immunol. 178: 4304 – 4314.
21. Zeng, R., R. Spolski, S. E. Finkelstein, S. Oh, P. E. Kovanen, C. S. Hinrichs,
C. A. Pise-Masison, M. F. Radonovich, J. N. Brady, N. P. Restifo, et al. 2005.
Synergy of IL-21 and IL-15 in regulating CD8⫹ T cell expansion and function.
J. Exp. Med. 201: 139 –148.
22. Smyth, M. J., M. E. Wallace, S. L. Nutt, H. Yagita, D. I. Godfrey, and
Y. Hayakawa. 2005. Sequential activation of NKT cells and NK cells provides
effective innate immunotherapy of cancer. J. Exp. Med. 201: 1973–1985.
23. Coquet, J. M., K. Kyparissoudis, D. G. Pellicci, G. Besra, S. P. Berzins,
M. J. Smyth, and D. I. Godfrey. 2007. IL-21 is produced by NKT cells and
modulates NKT cell activation and cytokine production. J. Immunol. 178:
2827–2834.
24. Eberl, M., R. Engel, E. Beck, and H. Jomaa. 2002. Differentiation of human ␥␦
T cells towards distinct memory phenotypes. Cell Immunol. 218: 1– 6.
25. Leonard, W. J., R. Zeng, and R. Spolski. 2008. Interleukin 21: a cytokine/cytokine receptor system that has come of age. J. Leukocyte Biol. 84: 348 –356.
26. Skak, K., K. S. Frederiksen, and D. Lundsgaard. 2008. Interleukin-21 activates
human natural killer cells and modulates their surface receptor expression. Immunology 123: 575–583.
27. Ma, H. L., M. J. Whitters, R. F. Konz, M. Senices, D. A. Young, M. J. Grusby,
M. Collins, and K. Dunussi-Joannopoulos. 2003. IL-21 activates both innate and
adaptive immunity to generate potent antitumor responses that require perforin
but are independent of IFN-␥. J. Immunol. 171: 608 – 615.
28. Casey, K. A., and M. F. Mescher. 2007. IL-21 promotes differentiation of naive
CD8 T cells to a unique effector phenotype. J. Immunol. 178: 7640 –7648.
29. Boedec, A., H. Sicard, J. Dessolin, G. Herbette, S. Ingoure, C. Raymond,
C. Belmant, and J. L. Kraus. 2008. Synthesis and biological activity of phosphonate analogues and geometric isomers of the highly potent phosphoantigen (E)1-hydroxy-2-methylbut-2-enyl 4-diphosphate. J Med Chem. 51: 1747–1754.
30. Davodeau, F., M. A. Peyrat, M. M. Hallet, J. Gaschet, I. Houde, R. Vivien,
H. Vie, and M. Bonneville. 1993. Close correlation between Daudi and mycobacterial antigen recognition by human ␥␦ T cells and expression of V9JPC1␥/
V2DJC␦-encoded T cell receptors. J. Immunol. 151: 1214 –1223.

3431
31. Friberg, D. D., J. L. Bryant, and T. L. Whiteside. 1996. Measurements of natural
killer (NK) activity and NK-cell quantification. Methods 9: 316 –326.
32. Alexander, A. A., A. Maniar, J. S. Cummings, A. M. Hebbeler, D. H. Schulze,
B. R. Gastman, C. D. Pauza, S. E. Strome, and A. I. Chapoval. 2008. Isopentenyl
pyrophosphate-activated CD56⫹ ␥␦ T lymphocytes display potent antitumor activity toward human squamous cell carcinoma. Clin. Cancer Res. 14: 4232– 4240.
33. Trichet, V., C. Benezech, C. Dousset, M. C. Gesnel, M. Bonneville, and
R. Breathnach. 2006. Complex interplay of activating and inhibitory signals received by V␥9V␦2 T cells revealed by target cell ␤2-microglobulin knockdown.
J. Immunol. 177: 6129 – 6136.
34. Rubio, V., T. B. Stuge, N. Singh, M. R. Betts, J. S. Weber, M. Roederer, and
P. P. Lee. 2003. Ex vivo identification, isolation and analysis of tumor-cytolytic
T cells. Nat. Med. 9: 1377–1382.
35. Burgess, S. J., A. I. Marusina, I. Pathmanathan, F. Borrego, and J. E. Coligan.
2006. IL-21 down-regulates NKG2D/DAP10 expression on human NK and
CD8⫹ T cells. J. Immunol. 176: 1490 –1497.
36. Pittet, M. J., D. E. Speiser, D. Valmori, J. C. Cerottini, and P. Romero. 2000.
Cutting edge: cytolytic effector function in human circulating CD8⫹ T cells
closely correlates with CD56 surface expression. J. Immunol. 164: 1148 –1152.
37. Hinrichs, C. S., R. Spolski, C. M. Paulos, L. Gattinoni, K. W. Kerstann,
D. C. Palmer, C. A. Klebanoff, S. A. Rosenberg, W. J. Leonard, and N. P. Restifo.
2008. IL-2 and IL-21 confer opposing differentiation programs to CD8⫹ T cells
for adoptive immunotherapy. Blood 111: 5326 –5333.
38. Pearce, E. L., A. C. Mullen, G. A. Martins, C. M. Krawczyk, A. S. Hutchins,
V. P. Zediak, M. Banica, C. B. DiCioccio, D. A. Gross, C. A. Mao, et al. 2003.
Control of effector CD8⫹ T cell function by the transcription factor Eomesodermin. Science 302: 1041–1043.
39. Suto, A., A. L. Wurster, S. L. Reiner, and M. J. Grusby. 2006. IL-21 inhibits
IFN-␥ production in developing Th1 cells through the repression of Eomesodermin expression. J. Immunol. 177: 3721–3727.
40. Demoulin, J. B., E. Van Roost, M. Stevens, B. Groner, and J. C. Renauld. 1999.
Distinct roles for STAT1, STAT3, and STAT5 in differentiation gene induction
and apoptosis inhibition by interleukin-9. J. Biol. Chem. 274: 25855–25861.
41. Yu, C. R., J. R. Ortaldo, R. E. Curiel, H. A. Young, S. K. Anderson, and
P. Gosselin. 1999. Role of a STAT binding site in the regulation of the human
perforin promoter. J. Immunol. 162: 2785–2790.
42. Morishima, N., T. Owaki, M. Asakawa, S. Kamiya, J. Mizuguchi, and
T. Yoshimoto. 2005. Augmentation of effector CD8⫹ T cell generation with
enhanced granzyme B expression by IL-27. J. Immunol. 175: 1686 –1693.
43. Battistini, L., G. Borsellino, G. Sawicki, F. Poccia, M. Salvetti, G. Ristori, and
C. F. Brosnan. 1997. Phenotypic and cytokine analysis of human peripheral blood
␥␦ T cells expressing NK cell receptors. J. Immunol. 159: 3723–3730.
44. Devilder, M. C., S. Maillet, I. Bouyge-Moreau, E. Donnadieu, M. Bonneville, and
E. Scotet. 2006. Potentiation of antigen-stimulated V␥9V␦2 T cell cytokine production by immature dendritic cells (DC) and reciprocal effect on DC maturation.
J. Immunol. 176: 1386 –1393.
45. Wurster, A. L., V. L. Rodgers, A. R. Satoskar, M. J. Whitters, D. A. Young,
M. Collins, and M. J. Grusby. 2002. Interleukin 21 is a T helper (Th) cell 2
cytokine that specifically inhibits the differentiation of naive Th cells into interferon ␥-producing Th1 cells. J. Exp. Med. 196: 969 –977.
46. Monteleone, G., I. Monteleone, D. Fina, P. Vavassori, G. Del Vecchio Blanco,
R. Caruso, R. Tersigni, L. Alessandroni, L. Biancone, G. C. Naccari, et al. 2005.
Interleukin-21 enhances T-helper cell type I signaling and interferon-␥ production in Crohn’s disease. Gastroenterology 128: 687– 694.
47. Pesce, J., M. Kaviratne, T. R. Ramalingam, R. W. Thompson, J. F. Urban, Jr.,
A. W. Cheever, D. A. Young, M. Collins, M. J. Grusby, and T. A. Wynn. 2006.
The IL-21 receptor augments Th2 effector function and alternative macrophage
activation. J. Clin. Invest. 116: 2044 –2055.
48. Toomey, J. A., F. Gays, D. Foster, and C. G. Brooks. 2003. Cytokine requirements for the growth and development of mouse NK cells in vitro. J. Leukocyte
Biol. 74: 233–242.
49. Moroz, A., C. Eppolito, Q. Li, J. Tao, C. H. Clegg, and P. A. Shrikant. 2004.
IL-21 enhances and sustains CD8⫹ T cell responses to achieve durable tumor
immunity: comparative evaluation of IL-2, IL-15, and IL-21. J. Immunol. 173:
900 –909.
50. Brenne, A. T., T. B. Ro, A. Waage, A. Sundan, M. Borset, and H. Hjorth-Hansen.
2002. Interleukin-21 is a growth and survival factor for human myeloma cells.
Blood 99: 3756 –3762.

