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Background: TCR�� and NKG2D are two important receptors for ��T cell cytotoxicity.
Results: ��T cell cytotoxicity is TCR��-dependent and requires the activation of Vav1-PLC-�1 pathway.
Conclusion: ��T cell cytotoxicity requires a strong signal to overcome the inhibitory threshold set by Cbl-b.
Significance: Our finding provides new insights into the molecular mechanisms underlying the activation of ��T cell
cytotoxicity.

Tcell antigen receptor�� (TCR��) and natural killer group 2,
memberD (NKG2D) are two crucial receptors for��T cell cyto-
toxicity. Compelling evidences suggest that ��T cell cytotoxic-
ity is TCR��-dependent and can be co-stimulated by NKG2D.
However, the molecular mechanism of underlying TCR��-
dependent activation of ��T cells remains unclear. In this
study we demonstrated that TCR�� but not NKG2D engage-
ment induced lytic granule polarization and promoted ��T cell
cytotoxicity. TCR�� activation alone was sufficient to trigger
Vav1-dependent phospholipase C-�1 signaling, resulting in
lytic granule polarization and effective killing, whereas NKG2D
engagement alone failed to trigger cytotoxicity-related signal-
ing to overcome the inhibitory effect of Cbl-b; therefore,
NKG2D engagement alone could not induce effective killing.
However, NKG2D ligation augmented the activation of ��T cell
cytotoxicity through the Vav1-phospholipase C-�1 pathway.
Vav1 overexpression or Cbl-b knockdown not only enhanced
TCR�� activation-initiated killing but also enabled NKG2D
activation alone to induce��Tcell cytotoxicity. Taken together,
our results suggest that the activation of ��T cell cytotoxicity
requires a strong activation signal to overcome the inhibitory
effect of Cbl-b. Our finding provides new insights into the
molecular mechanisms underlying the initiation of ��T cell

cytotoxicity and likely implications for optimizing ��T cell-
based cancer immunotherapy.

On the basis of different expression of rearranged TCR3

chains, T cells are usually divided into two major subsets: ��T
cells and ��T cells (1). Themajority of CD3� cells in blood and
secondary lymphoid organs are ��T cells, whereas ��T cells
only represent a small subset (1–10%) of CD3� cells in the
peripheral blood (2). With striking diversity of TCR�� chains
originating from a large number of V� and V� genes as well as
extensive junctional diversity, ��T cells recognize a large array
of antigenic peptides in complex with polymorphic presenting
MHCclass I or class IImolecules (3). Although there are limited
numbers of V� and V� genes available and preferential usage of
a few V segments in V�/V� combinations, extensive junctional
diversity in particular in CDR3� makes TCR�� chains substan-
tially diverse in theory. However, only a few TCR�� ligands
have been identified so far, and most of them are endogenous
antigens/ligands, such as MHC class I-related chains A and B
(MICA/B) (4), UL16-binding proteins (ULBPs) (5, 6), F1-
ATPase-apolipoprotein A-I complex (7), human MutS homo-
logue 2 (hMSH2) (8), and phosphoantigens (9).

��T cells contribute to all aspects of innate and adaptive
immune responses to viruses, bacteria, parasites, allergy, and
autoimmunity (3, 10). ��T cells have also recently become a
promising effector candidate in targeting a broad spectrum of
tumors for its unique properties, including MHC-unrestricted
recognition, abundant IFN-� secretion, and potent cytotoxicity
(10). In our previous studies we focused on the identification of
TCR�� ligands including ULBP4 (6) and hMSH2 (8), both of
which can also be recognized by NKG2D. Interestingly,
although ��T cell cytotoxicity may be enhanced through mul-
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tiple non-TCR receptors including NKG2D (6, 8), ��T cells
appear to recognize antigens in a TCR-dependent manner (11,
12). This unique activation may result in a faster initiation of
cell cytotoxicity, making ��T cells the crucial first line of
defense against tumors and infections. However, detailed signal
pathways related to TCR��-dependent activation of ��T cell
cytotoxicity remain elusive. In ��T cells, upon TCR�� engage-
ment, guanine nucleotide exchange factor Vav1 is rapidly phos-
phorylated and recruited to a TCR�� proximal signaling com-
plex and subsequently elicits the activation of phospholipase
C-�1 (PLC-�1), intracellular calcium flux, and PI3K (13). How-
ever, TCR�� stimulation activates only a minimal level of Vav
due to selective suppression by Cbl-b, so that the activation of
��T cell cytotoxicity requires the synergistic engagement of
TCR�� and co-stimulatory molecule CD28 (14). In NK cells,
the synergistic engagement of NKG2D and 2B4 are required to
overcome inhibition by c-Cbl ubiquitin ligase for the activation
of NK cell cytotoxicity (15). Therefore, TCR��-dependent acti-
vation of ��T cell cytotoxicity may be involved in a specific
signal pathway.
In this study we found that TCR�� activation alone could be

sufficient to induce lytic granule polarization and promote ��T
cell cytotoxicity by triggering Vav1-dependent PLC-�1 signal-
ing to overcome Cbl-b-mediated inhibition. In the presence of
TCR�� activation, NKG2D ligation augmented the activation
of ��T cell cytotoxicity. To our knowledge it is the first time to
illustrate the molecular mechanism underlying TCR��-depen-
dent ��T cell cytotoxicity. This finding may provide new
insights into the biology of ��T cells and will have clinical sig-
nificance by optimizing the current ��T-based biotherapy
regimens.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Purified anti-pan-TCR�� mAb
(IMMU510) andFITC-conjugated anti-humanTCR�� (IMMU510)
was from Beckman Coulter Immunotech; mouse IgG1 (11711),
humanNKG2DallophycocyaninmAb (149810), CD3� (UCHT1),
and NKG2D (149810) were from R&D Systems; phosphatidyl-
ethanolamine (PE) anti-human CD107a (LAMP-1) (H4A3), PE
anti-human CD3 (HIT3a), Alexa Fluor� 488 anti-human per-
forin (dG9), FITC anti-human Fas (CD95) (DX2), LEAFTM

purified anti-humanCD178 (FasL) (NOK-1), and phospho-Akt
(Ser-473) (Poly6490) were from Biolegend; Isopentenyl pyro-
phosphate (IPP) triammonium salt solution, concanamycin A
(CMA), rottlerin, U73122,and U73343 were from Sigma;
latrunculin A was from Calbiochem; cyclosporin A was from
Novartis; phospho-PLC-�1 (Tyr-783) (2821), PLC-�1 (2822),
phospho-Erk1/2 (Thr-202/Tyr-204) (4370), Erk1/2 (4695), Akt
(4691), wortmannin (9951), Vav1 (2153), and Vav3 (2398) were
fromCell Signaling; phospho-Vav1 (ab4763) andVav2 (EP1067Y)
were (ab52640) from Abcam; c-Cbl (7G10) was from Upstate;
Cbl-b (G-1) and anti-�-actin mAb (C4) were from Santa Cruz;
GFP-Vav1 expression plasmid and ProLong Gold Antifade Rea-
gent were from Invitrogen; GFP-Cbl-b expression plasmid was
from Origene, and normal donkey serum was from Jackson
ImmunoResearch Laboratories. ULBP5 and hMSH2 proteins
were expressed by our laboratory.

Cells—��T cells were expanded from peripheral blood
mononuclear cells (PBMCs) freshly isolated from healthy
donors. Briefly, PBMCs isolated fromhealthy donors by density-
gradient centrifugation on Ficoll-Hypaque (GE Healthcare)
were cultured in RPMI 1640 medium (Invitrogen) with 10%
fetal calf serum (FCS) (HyClone) and 200 IU/ml interleukin 2
(IL-2) (Read United Cross Pharmaceutical Co. Ltd.) in 24-well
culture plates coated with 1 �g/ml anti-pan-TCR�� mAb
(Immunotech). After 2 weeks of culture, the purity of V�9V�2
T cells was �90%. ��T cells were rested in RPMI 1640medium
with 5% FCS (without IL-2) for 24 h before the phenotypic
and functional analyses. Alternatively, fresh ��T cells (�90%
V�9V�2T cells) were purified by negative selection using a
human TCR�/�� T Cell Isolation kit (MiltenyiBiotec) and
directly used for functional assays. All tumor cells and P815
cells were obtained from the Cell Culture Center, Institute of
Basic Medicine, Chinese Academy of Medical Sciences. Daudi
(human Burkitt’s lymphoma), NCI-H446 (human small-cell
lung carcinoma), HR8348 (human rectal carcinoma), and
MGC-803 (human gastric cancer) cells were cultured in com-
plete RPMI 1640 medium with 10% FCS. G401 cells derived
from human rhabdoid tumor were cultured in McCoy’s 5a
medium (Invitrogen) with 10% FCS. P815 (murine mastocy-
toma) cells were cultured in Dulbecco’s modified Eagle’s
medium (Invitrogen) with 10% FCS.
Flow Cytometry—Cells were collected and sustained with

appropriate surface antibodies. Cytometric data were acquired
by using a BD Accuri C6 flow cytometer (BD Biosciences). The
datawere analyzedwith FlowJo Software (Tree Star Inc.). Either
the percentage of positive staining or mean fluorescence inten-
sity is presented.
IFN-� Secretion Assay—��T cells (1 � 105/well) together

with targets cells (1� 104/well) were cultured for 6 h in 96-well
plates. Cell-free supernatants were collected to detect IFN-�
levels using the human IFN-� immunoassay kit (R&D Systems)
following the manufacturer’s instructions.
Cytotoxicity Assay—To determine specific cytotoxicity, we

used the CytoTox 96� Non-radioactive Cytotoxicity Assay
(Promega) based on the colorimetric detection of the released
enzyme lactate dehydrogenase. In P815-mediated T cell activa-
tion assays, P815 cells were incubated with different antibodies
for 1 h at 37 °C before co-culture with ��T cells at an E:T ratio
of 10:1. The effects of pharmacological inhibitors and neutral-
ization antibody on ��T cell cytotoxicity were measured after
pretreating the cells at the indicated doses for 1 h at 37 °C. After
6 h, culture supernatant was used to detect lactate dehydrogen-
ase activity according to the manufacturer’s instructions.
Polarization Assay—Polarization assays were performed as

described previously (16). In brief, P815 cellswere preincubated
with different antibodies for 1 h at 37 °C before co-culture with
��T cells at an E:T ratio of 1:1. Cells were pelleted at 20 � g for
3min and then incubated for 20min at 37 °C and 5%CO2. Cells
were plated on poly-D-lysine-coated 2-well culture slides (BD
Biosciences) for 1 h at room temperature followed by fixation
with 4% paraformaldehyde and permeabilization in PBS con-
taining 10% normal donkey serum and 0.5% Triton X-100.
Anti-perforin antibody was used to stain intracellular perforin-
containing granules for 1 h at room temperature. After wash-
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ing, the samples were sealed on slides with coverslips using
ProLong Gold Antifade Reagent as the mounting medium.
Images were taken with a Leica DMIRE2 inverted microscope
fitted with a Leica TCS SP2 SE confocal imager. Perforin-con-
taining granules were considered polarized when most of the
fluorescencewas concentrated in the lower quadrant of the��T
cell (i.e. the quadrant that was closest to the target cell).
Receptor Cross-linking Experiments—For antibody-mediated

cross-linking of ��T receptors, ��T cells were preincubated
with 10 �g/ml isotype control mAb or mAbs specific for ��T
receptors for 20 min on ice. After washing, ��T cells were stim-
ulated by cross-linking with 30 �g/ml goat anti-mouse F(ab�)2Ab
at37 °C for the indicated timeperiods.Cellsweremoved to ice and
then lysed for further analysis.
Ca2� Flux Analysis—Measurement of the intracellular Ca2�

levels were performed in ��T cells loadedwith 2�MFluo-4AM
(Invitrogen) for 45 min at room temperature in Hanks’ bal-
anced salt solution. ��T cells were washed and resuspended in
Hanks’ balanced salt solution with 1% FCS. Cells were pre-
warmed at 37 °C (for antibodies stimulation assay, cells were
preincubated with different antibodies on ice for 20 min) and
seeded onLab-Tek glass chamber slides (Nunc).Measurements
of intracellularCa2� responseswere performed at 37 °Cwith an
UltraVIEWVoX3DLiveCell Imaging System (PerkinElmer Life
Sciences). After 1 min, 30 �g/ml goat F(ab�)2 anti-mouse IgG
was added to cross-link the receptors. Alternatively, IPP (6
�g/ml), ULBP5 (40 �g/ml), or hMSH2 (40 �g/ml) were added
to mimic physiological receptor-ligand interactions. Changes
in fluorescence are shown as a function of time.
RNA Interference and Plasmid DNA Transfection—For RNA

interference, ��T cells were transfected with 300 pmol of
siRNAs using anAmaxaNucleofector system. A total of 2� 107
cells were resuspended in 100 �l of Amaxa Kit solution V,
mixedwith siRNA, and immediately transfected using program
I-24. After transfection ��T cell survival rates were�90%. Cells
were incubated for 36 h at 37 °C and 5% CO2, with the last 24 h
for resting before the assayswere performed as indicated. Three
siRNA sequences were used, as described previously (15): Vav1,
CGUCGAGGUCAAGCACAUU; c-Cbl, CCUCUCUUCCAAG-
CACUGA;Cbl-b, GGACAGACGAAAUCUCACA. Pre-validated
Vav2- and Vav3-specific siRNAs were purchased fromQiagen. The
negative siRNA control was obtained from Invitrogen.
For plasmid DNA transfection, ��T cells were transfected

with 8 �g of plasmid DNA using the AmaxaNucleofector kit V,
program T-23. Transfected cells were assayed 24 h post-trans-
fection after a rest period. Dead cells were removed by Dead
Cell Removal kit (MiltenyiBiotec).
Western Blot—A total of 1 � 107 ��T cells were harvested

and lysed in 100 �l CytoBusterTM Protein Extraction Reagent
(71009, Novagen) in the presence of Halt Protease and Phos-
phatase Inhibitor Single-Use Mixture, EDTA-Free (Thermo).
Equal amounts of proteins were separated by 8–12% SDS-
PAGE, transferred onto nitrocellulose membranes, and blotted
with appropriate antibodies. Data were analyzed with ImageJ
software (National Institutes of Health).
Statistical Analysis—The results are expressed as the mean �

S.D.Thedatawere analyzedbyone-way analysis of variance (SPSS
Version 16.0 software) followed by Tukey-Kramer multiple com-

parisons. In both analyses, theminimumacceptable level of signif-
icance was p � 0.05.

RESULTS

NKG2D Ligation Augments ��T Cell Cytotoxicity Mediated
by TCR�� Engagement—Most of the freshly isolated peripheral
blood ��T cells and in vitro expanded peripheral blood ��T
cells constitutively expressed NKG2D and TCR�� receptors
(Fig. 1, A and B). NKG2D is a well characterized activating
receptor onNKcells and invariantNKT (iNKT) cells (15, 17). In
vitro cell culture showed that ��T cells could be expanded by
immobilized anti-TCR�� activating antibodies but notNKG2D
activating antibodies or the IgG1 isotype control (Fig. 1, C and
D), indicating a TCR��-dependent activation exists. Therefore,
to verify whether ��T cell cytotoxicity was also TCR��-depen-
dent and can be co-stimulated by NKG2D as previous studies
reported, redirected lysis assays were performed using anti-
body-coated FcR�P815 cells (15, 18–21). Our results showed
that anti-TCR�� but not anti-NKG2Dactivating antibodies ini-
tiated ��T cell-specific killing of P815 target cells (Fig. 1E),
accompanied by the significant release of IFN-� (Fig. 1F). How-
ever, TNF-� production remained low after the stimulation of
TCR�� or NKG2D (data not shown). Interestingly, NKG2D
ligation augmented TCR�� activation-mediated cytotoxicity
and IFN-� production (Fig. 1G). To test whether this response
patternwas unique toTCR�� antibody or an inherent feature of
TCR�� activation, we further compared the TCR�� and CD3
activating antibodies in their ability to mediate the killing of
redirected P815 cells. We found that anti-CD3 antibody also
redirected ��T cell cytotoxicity toward P815 cells (data not
shown). Furthermore, freshly isolated��Tcells purified by neg-
ative selection showed a similar response to those expanded
��Tcells in the killing of TCR�� orTCR���NKG2Dantibody-
coated P815 target cells (data not shown).
TCR��-induced Lytic Granule Polarization Is Critical for

��T Cell Cytotoxicity—��T cell cytotoxicity was achieved
mainly by two pathways: perforin-granzyme pathway and Fas-
FasL pathway (22–24). The contributions of these two path-
ways were compared in the killing of tumor cell lines by ��T
cells. Five tumor cell lines with different levels of Fas expression
were selected as the target cells (Fig. 2A). The blockage of Fas-
FasL signaling with supplemented soluble anti-FasL antibody
did not impair the specific lysis of tumor target cells or the
release of IFN-� by ��T cells. In contrast, CMA, a perforin
inhibitor that accelerates perforin degradation within lytic
granules (25), blocked 80–95%of��Tcell cytotoxicity (Fig. 2B).
Hence, we can conclude that the perforin-granzyme pathway
mainly contributes to ��T cell cytotoxicity. A previous study
demonstrated that the perforin-granzyme pathway was
achieved by lytic granule polarization and degranulation,
which were controlled primarily by the TCR�� in cytotoxic
T cells (26). Therefore, TCR�� dominant killing was further
confirmed using tumor cells as targets. Cyclosporin A, a TCR
blocking immunosuppressive drug (6), caused a large reduc-
tion of ��T cell-mediated tumor killing as well as IFN-�
release (Fig. 2C).
Perforin-granzyme pathway involves two processes, lytic

granule polarization and degranulation, which can be coupled
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or uncoupled process (27, 28). We first measured cellular
degranulation based on cell surface expression of CD107a
(LAMP-1). No significant difference was observed in CD107a

expression of ��T cells after TCR�� activation versus NKG2D
activation (Fig. 3A), indicating that degranulation alone does
not guarantee the occurrence of specific killing. Intracellular

FIGURE 1. NKG2D plays a co-stimulatory effect on ��T cell cytotoxicity. A, ��T cells freshly isolated from human peripheral blood were stained with isotype Ab
(black solid histogram) and Ab against NKG2D (gray line histogram). Data are representative of at least three independent experiments. B, flow cytometry analysis of
NKG2D expression on ��T cells expanded with anti-pan-TCR�� mAb. ��T cells were expanded in vitro for 14 days and then stained with isotype Ab (black solid
histogram) and Ab against NKG2D (gray line histogram). Flow cytometry showed the expression of NKG2D with a gate set on��T cells. Data are representative of at least
three independent experiments. C, PMBCs were stimulated with immobilized IgG1 (i), anti-pan-TCR�� mAb (ii), or anti-NKG2D mAb (iii). ��T cells were expanded in
vitro for 14 days before staining with isotype Ab (black solid histogram) and Ab against TCR�� (gray line histogram). Data are representative of at least three independent
experiments. D, the percentages of ��T cells were analyzed by flow cytometry on day 14 after stimulation with immobilized 1 �g/ml anti-pan-TCR�� mAb (i) or 0.25
�g/ml (ii), 0.5 �g/ml (iii), 1 �g/ml (iv) or 2 �g/ml (v) anti-NKG2D mAb. Data are representative of at least three independent experiments. E, redirected lysis of P815 cells
by resting ��T cells at an E:T ratio of 10:1. P815 cells were preincubated with isotype control antibody (10 �g/ml) or mAb specific for TCR�� or NKG2D at the indicated
antibody concentrations, and ��T cell-mediated cytotoxicity against P815 cells was determined by lactate dehydrogenase assay. Error bars represent the S.D. *, p �
0.05, **, p � 0.01. F, 1 � 105 resting ��T cells and 1 � 104 preincubated P815 cells per well were co-cultured in 96-well plates for 6 h. IFN-� in the supernatant was
measured by ELISA. Values represent the mean � S.D. *, p � 0.05, **, p � 0.01. G, ��T cell-mediated cytotoxicity against P815 cells (at an E:T ratio of 10:1) preincubated
with isotype IgG control (10 �g/ml) or anti-pan-TCR�� antibody (10 �g/ml) and/or anti-NKG2D antibody (10 �g/ml) was determined by lactate dehydrogenase assay.
IFN-� in the supernatant was measured by ELISA. Error bars represent the S.D. **, p � 0.01.
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staining of the perforin-containing granules showed that
TCR�� but not NKG2D engagement induced lytic granule
polarization, and NKG2D in combination with TCR�� activa-
tion merely enhanced this effect (Fig. 3B). In contrast to cyto-
toxic T cells, the lytic granule polarization of ��T cells was
co-stimulated by NKG2D but not by LFA-1 (data not shown)
(26). Noteworthily, pretreatment of��Tcells withCMAalmost
completely blocked the killing function and IFN-� release of
��T cells (Fig. 3C). These results taken together suggest that
TCR��-induced T cell cytotoxicity mainly depends on lytic
granule polarization.
The PLC-�1 Pathway Plays a Critical Role in ��T Cell

Cytotoxicity—Next we questioned whichmolecules participate
in TCR��-dependent lytic granule polarization and the molec-
ular mechanism of the functional difference between TCR��
and NKG2D. Three important signaling pathways are associ-

atedwith��Tcell andNKcell cytotoxicity: PLC-�,MAPK/Erk,
and PI3K (15, 29). We tested whether ��T cells use similar
signaling pathways. Stimulation of TCR�� but not NKG2D
induced strong phosphorylation of PLC-�1 and Erk, which
were enhanced when both TCR�� and NKG2D were engaged
(Fig. 4A). Phosphorylation of Erk induced by TCR�� or TCR
and NKG2D co-engagement reached a maximum at 5 min
after stimulation and then decreased gradually. TCR��-in-
duced phosphorylation of PLC-�1 lasted longer than Erk
phosphorylation. When both TCR�� and NKG2D were
engaged, the phosphorylation of PLC-�1 reached a maxi-
mum at 5 min and then quickly disappeared within 20 min
after stimulation (Fig. 4A). In contrast, phosphorylation of
Akt, a downstream target of PI3Kactivation, showedno enhance-
ment after the co-engagement of TCR�� and NKG2D compared
with either TCR�� orNKG2D stimulation alone (Fig. 4B). Block-

FIGURE 2. TCR��-dependent perforin-granzyme pathway plays a critical role in ��T cell cytotoxicity toward tumor cells. A, flow cytometry analysis of
Fas ligand expression on the surface of different tumor cells. Five tumor cell lines (Daudi, NCI-H446, MGC-803, HR8348, and G401) were stained with isotype
control Ab (black solid histogram) and with anti-Fas Ab (gray line histogram). Data are representative of at least three independent experiments. MFI, mean
fluorescence intensity. B, ��T cell-mediated cytotoxicity and IFN-� production were abolished by the inhibition of the perforin-granzyme pathway with 100 nM

CMA but not by the blockage of the Fas-FasL pathway with 10 �g/ml soluble anti-FasL antibody. Values represent the mean � S.D. **, p � 0.01. C, ��T
cell-mediated cytotoxicity and IFN-� production could be largely decreased by TCR inhibitor cyclosporin A (CsA) (100 ng/ml). Data represent mean � S.D.
**, p � 0.01.
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ing PI3K signaling by Wortmannin did not significantly
impair the phosphorylation of PLC-�1 or Erk (Fig. 4C), sug-
gesting that unlike the PLC-�1 and Erk pathways, the PI3K-
Akt pathway does not play a major role in TCR��- and
NKG2D-mediated cytotoxicity.
To further test the receptor-ligand interactions in a physio-

logical relevant situation, we analyzed the phosphorylation of
PLC-�1 and Erk1/2 in the presence of isopentenyl pyrophos-
phate (a natural ligand for TCR��), ULBP5 (a natural ligand for
NKG2D), either alone or in combination, and hMSH2 (a natu-
ral ligand for ��T cells that can be dually recognized by TCR��
and NKG2D). As shown in Fig. 4D, the tyrosine phosphoryla-

tion of PLC-�1 and Erk1/2 was induced by IPP but not ULBP5.
Combination of IPP and ULBP5 resulted in enhanced phosphor-
ylation of PLC-�1 and Erk1/2. Unlike anti-TCR���anti-
NKG2D stimulation, IPP�ULBP5-induced phosphorylation of
PLC-�1 did not quickly disappear after reaching the peak. In
addition, the phosphorylation of Erk1/2 was more sustained in
comparison with anti-TCR���anti-NKG2D stimulation (data
not shown). When ��T cells were stimulated with hMSH2, the
phosphorylation of Erk1/2 reached a maximum at 20 min and
then gradually decreased within 60 min, whereas the phosphor-
ylation of PLC-�1 reached a peak at 20 min and then quickly
disappeared within 40 min (Fig. 4D).

FIGURE 3. TCR��-dependent lytic granule polarization is critical for ��T cell cytotoxicity. A, flow-cytometric analysis of CD107a (degranulation marker)
expression in ��T cells co-cultured with antibody-preincubated P815 cells. FITC-labeled anti-TCR�� mAb and phosphatidylethanolamine-labeled anti-CD107a
mAb were used for ��T cell staining. By gating on ��T, the percentage of CD107a� cells and its mean fluorescence intensity (MFI) was calculated. Data are
representative of at least three independent experiments. B, representative confocal images of ��T lytic granule polarization toward preincubated P815 cells.
Intracellular perforin (upper panel) staining was positive in ��T cells (the smaller cells) but not in P815 cells (the larger cells). Polarization of perforin-containing
granules toward target cells was quantified (lower panel) as polarized (black) and nonpolarized (white). The number of synapses studied was 100 in each case.
Data are representative of three independent experiments. **, p � 0.01. C. ��T cell-mediated lysis of target cells (left panel) and the IFN-� release (right panel)
could be blocked by 100 nM perforin inhibitor CMA. Values represent the mean � S.D. **, p � 0.01.
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Next, we applied the inhibitors of PLC-� and Erk pathways to
clarify their roles in ��T cell cytotoxicity. The PLC-� inhibitor
U73122, but not its inactive analogU73343, fully abrogated��T

cell cytotoxicity. MEK inhibitor U0126, an upstream activator
of Erk, did not abrogate ��T cell cytotoxicity even under high
concentrations (Fig. 4E). As a consequence, U73122 but not
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U0126 blocked lytic granule polarization (Fig. 4F). Intriguingly,
IFN-� productionwas inhibited by bothU73122 andU0126 (30
�M) (Fig. 4G). U0126 at the concentration of 30 �M could com-
pletely abrogate the phosphorylation of Erk (Fig. 4H). These
results suggest that, unlike IFN-� production, ��T cell cytotox-
icity is an independent event downstream of PLC-�1 but not
Erk. Because the activation of PLC-�1 pathway can induce pro-
tein kinase C-� (PKC-�) activation through diacylglycerol (30,
31), we tested the roles of PKC-� in ��T cell cytotoxicity. As
shown in Fig. 4I, PKC-� inhibitor could completely abrogate
��T cell cytotoxicity and IFN-� production, confirming that
PLC-� pathway plays a critical role in ��T cell cytotoxicity
induced by TCR�� or TCR���NKG2D. In addition, Erk phos-
phorylation was inhibited by U73122 (Fig. 4J), indicating that
Erk might be a downstream molecule of the PLC-� pathway.
Engagement of TCR�� andNKG2D Induces Ca2�Mobilization—

Calcium (Ca2�) mobilization typically depends on PLC-� acti-
vation (32, 33). Elevation of intracellular free Ca2� concentra-
tion is a key triggering signal for ��T cell activation (34, 35).
Therefore, we analyzed the intensity of Ca2� responses in the
presence of TCR�� and/or NKG2D stimulation. Stimulation of
TCR�� but notNKG2D induced strongCa2�mobilization, and
this Ca2� response was sustained within 30 min.With NKG2D
co-stimulation, Ca2�mobilizationwas enhanced, but this Ca2�

response was dramatically quickened and shortened as com-
pared with TCR�� engagement (Fig. 5A). These data fall in the
same pattern as in the phosphorylation of PLC-�1 (Fig. 4A).
Ca2� mobilization was also evaluated after stimulation with
IPP, either alone or in combination with ULBP5, and hMSH2
(Fig. 5B). These Ca2� mobilization results were consistent with
the above PLC-�1 phosphorylation results (Fig. 4D). Taken
together, these results suggest that the phosphorylation of
PLC-�1 and Ca2� mobilization are essential for ��T cell cyto-
toxicity in response to the natural ligands such as IPP, ULBP5,
and hMSH2.
Vav1 Is Required for ��T Cell Cytotoxicity—Vav proteins,

which include Vav1, Vav2, and Vav3, play central roles in the
regulation of lymphocyte development, activation, and prolif-

eration (13). ��Tcell cytotoxicity towardMHCclass I-deficient
Daudi cells is blocked by the forced expression of MHC class I
molecule (36), and Vav1 is a preferred substrate of MHC class
I-specific inhibitory receptor (37, 38), suggesting that Vav1may
be crucial for ��T cell cytotoxicity. Furthermore, NKG2D sig-
nals mainly through either PI3K or Grb2-Vav (39, 40). The
above finding that NKG2D co-stimulatory effect is indepen-
dent of PI3K signaling suggests that NKG2D might signal
through Vav1 to co-stimulate TCR��. Therefore, we detected
whether Vav proteins were involved in ��T cell cytotoxicity-
related signaling and tested if they were located at the upstream
of PLC-�1 as shown in NK cells and ��T cells by knocking
down Vav1, Vav2, and Vav3 using specific siRNAs (15, 32, 41,
42). ��T cell-mediated killing and IFN-� release weremarkedly
diminished by the knockdown of Vav1, but not Vav2 or Vav3
(Fig. 6A), by specific small interfering RNAs (siRNAs). This
result is consistent with previous findings in Vav1�/�mouse
��T cells (43).

Activation of Vav1 is accompanied by Vav1 tyrosine phos-
phorylation, including tyrosine 160 (44). Vav1 phosphorylation
was observed after TCR�� stimulation and was more promi-
nent under the combinational activation of TCR�� and
NKG2D (Fig. 6B). We then investigated whether Vav1 con-
trolled PLC-�1 and Erk signaling. Knockdown of Vav1 com-
pletely abrogated the phosphorylation of PLC-�1 and Erk (Fig.
6C), indicating that both PLC-�1 andErkmight be downstream
molecules of Vav1 signaling in ��T cells. It was further sup-
ported by the fact that knockdown of Vav1 fully disrupted lytic
granule polarization in ��T cells (Fig. 6D).
Cbl-b Inhibits Vav1-dependent ��T Cell Activation Signals—

TCR signaling is negatively regulated by the Cbl family proteins
(45). Mammalian cells express three Cbl genes, c-Cbl (Cbl),
Cbl-b, and Cbl-3 (46). Cbl-3 is primarily expressed in epithelial
cells (47). c-Cbl inhibits NK cell cytotoxicity, and Cbl-b nega-
tively regulates peripheral T lymphocyte functions (14). Thus,
we investigated the potential role of Cbl in ��T cell cytotoxicity
by knocking down c-Cbl and Cbl-b using specific siRNAs.
Knockdown of Cbl-b enhanced ��T cell cytotoxicity toward

FIGURE 4. Activation of the PLC-�1 pathway is required for ��T cell cytotoxicity. A, Western blot analysis of the activation of the PLC-� and Erk pathways
during ��T cell-mediated cytotoxicity. Resting ��T cells were preincubated with mAbs specific for TCR�� and/or NKG2D on ice for 20 min and stimulated by
cross-linking with secondary goat F(ab�)2 anti-mouse IgG at 37 °C for the indicated times. The levels of p-PLC-�1, PLC-�1, p-Erk1 and p-Erk2, and Erk1 and Erk2
were assessed by immunoblots with individual specific antibodies. Actin expression was also detected as the loading control. Normalized relative intensities
of phosphorylated PLC-�1 and Erk1/2 were quantified using ImageJ software. Values represent the mean � S.D. **, p � 0.01. B, Western blot analysis of the
activation of the PI3K-Akt pathway in ��T cell cytotoxicity. Resting ��T cells were preincubated with mAbs specific for TCR�� and/or NKG2D on ice for 20 min
and stimulated by cross-linking with secondary goat F(ab�)2 anti-mouse IgG at 37 °C for the indicated times. The levels of p-Akt and Akt were assessed by
immunoblots with individual specific antibodies. Actin expression was also detected as the loading control. Data are representative of three independent
experiments. C, resting ��T cells were preincubated for 1 h at 37 °C with 1 �M PI3K inhibitor wortmannin or an equal amount of DMSO before stimulation with
isotype control mAb or mAbs specific for TCR�� and/or NKG2D. The levels of p-PLC-�1, p-Erk1, and p-Erk2 were assessed by immunoblots with individual
specific antibodies. Data are representative of three independent experiments. D, Western blot analysis of the activation of the PLC-�1 and Erk in response to
physiological receptor-ligand interactions in ��T cells. Resting ��T cells were stimulated by IPP, ULBP5, IPP�ULBP5, and hMSH2 at 37 °C for the indicated time.
Cell lysate was blotted for p-PLC-�1, p-Erk1, and p-Erk2. Actin expression was also detected as the loading control. Data are representative of three independent
experiments. E, resting ��T cells were pretreated for 1 h at 37 °C with 5 �M U73122, with its inactive analog U73343, or with U0126 at the indicated concen-
trations. P815 cells were preincubated with isotype control antibody (10 �g/ml) or mAb specific for TCR�� (10 �g/ml), NKG2D (10 �g/ml), or both. After
washing, inhibitor-pretreated ��T cells and coated P815 cells were mixed for cytotoxicity assays at a 10:1 E:T ratio. Values represent the mean � S.D. **, p � 0.01.
F, resting ��T cells were pretreated for 1 h at 37 °C with 5 �M U73122, with its inactive analog U73343, or with U0126 at 30 �M before quantification of
polarization of perforin-containing granules toward target cells. **, p � 0.01. G, resting ��T cells were pretreated for 1 h at 37 °C with 5 �M U73122, with its
inactive analog U73343, or with U0126 at the indicated concentrations. IFN-� production was detected in the supernatant from 1 � 105 inhibitor-pretreated
��T cells and 1 � 104 preincubated P815 cells co-culture. Values represent the mean � S.D. **, p � 0.01. H, resting ��T cells were incubated for 1 h at 37 °C with
30 �M U0126 before stimulation with mAbs specific for TCR�� and/or NKG2D. The levels of p-Erk1 and p-Erk2 were assessed by Western blot. I, resting ��T cells
were treated with 100 �M rottlerin at 37 °C for 1 h before the lactate dehydrogenase assay. Cytotoxicity was measured at an E:T ratio of 10:1. Supernatant IFN-�
was measured by ELISA. The values represent the mean � S.D. **, p � 0.01. J, resting ��T cells were pretreated for 1 h at 37 °C with 5 �M U73122, with its inactive
analog U73343 before Western blot analysis for p-Erk1 and p-Erk2. The blot was stripped and reprobed for actin. Data are representative of three independent
experiments.
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redirected P815 cells after TCR�� and/orNKG2D engagement,
whereas knockdown of c-Cbl had no effect (Fig. 7A). Interest-
ingly, knockdown of Cbl-b enabled NKG2D to induce cytotox-
icity. Cbl-b knockdown also promoted IFN-� secretion in
response to TCR�� and/or NKG2D engagement (Fig. 7A).
Of note, knockdown of Cbl-b rendered ��T cells to acquire

cytotoxicity by NKG2D engagement. When TCR�� was
engaged, ��T cell cytotoxicity toward redirected P815 cells was
largely augmented by NKG2D ligation. This finding raised the
question of whether NKG2D signaling might be more sensitive
to Cbl-b-mediated inhibition. We hypothesized that Cbl-b
overexpression would negatively regulate the co-stimulatory
effect of NKG2D. To test this hypothesis, ��T cells were tran-
siently transfected with GFP-tagged Cbl-b. Cbl-b overexpres-
sion resulted in a decreased cytotoxicity and IFN-� production
toward anti-TCR��-redirected P815 cells. However, no stron-
ger inhibition was observed in the cytotoxicity or IFN-� pro-
duction toward anti-TCR�� and anti-NKG2D-redirected P815
cells (Fig. 7,A and B). Therefore, Cbl-bmight be the gatekeeper

for NKG2D, and once the Cbl-b inhibition signal is eliminated,
NKG2D may exhibit a strong co-stimulatory effect on TCR-
ligated ��T cells.

After Cbl-b knockdown, phosphorylated Vav1, PLC-�1, and
Erk were all up-regulated after TCR�� or NKG2D activation
(Fig. 7, C and D). NKG2D engagement induced the phosphor-
ylation of Vav1 and PLC-�1 after Cbl-b knockdown. Taken
together, these results suggest that Vav1 and PLC-�1 are criti-
cal signals for ��T cell cytotoxicity. When the phosphorylation
of Vav1 and PLC-�1 reached a certain level, ��T cells became
cytotoxic. In line with this finding, lytic granule polarization
toward target cells was also increased after Cbl-b knockdown
(Fig. 7E).
Cbl-b is an E3 ubiquitin ligase that ubiquitylates cytosolic

signaling molecules and leads to proteasome-mediated degra-
dation of target proteins. Because Cbl-b knockdown increased
Vav1 phosphorylation, we hypothesized that Cbl-b regulates
Vav1 ubiquitylation and degradation. In a time-course study,
we found that knockdown of Cbl-b resulted in the up-regula-

FIGURE 5. Activation of PLC-�1 associated Ca2� mobilization is required for ��T cells cytotoxicity. A, Ca2� mobilization in responses to stimuli with TCR��,
NKG2D, or both. Resting ��T cells were incubated with Fluo-4 at room temperature for 45 min. After washing, the cells were incubated with mAbs for TCR��
and/or NKG2D in Hanks’ balanced salt solution with 1% FCS on ice for 20 min. Then the cells were prewarmed at 37 °C before analysis with the UltraVIEW VoX
3D Live Cell Imaging System. After 1min goat F(ab�)2 anti-mouse IgG was added to cross-link the receptors. Changes in fluorescence were shown as a function
of time. Data are representative of three independent experiments. MFI, mean fluorescence intensity. B, analysis of Ca2� mobilization during physiological
receptor-ligand interactions in ��T cells. Resting ��T cells were incubated with Fluo-4 at room temperature for 45 min. After wash, the cells were prewarmed
at 37 °C before analysis with UltraVIEW VoX 3D Live Cell Imaging System. After 1min, IPP, ULBP5, IPP�ULBP5, and hMSH2 were applied to mimic physiological
receptor-ligand interactions. Changes in fluorescence are shown as a function of time. Data are representative of three independent experiments.
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tion of phosphorylated Vav1, but the total amount of Vav1
remained constant (Fig. 7F). Thus, Cbl-b might regulate ��T
cell cytotoxicity by targeting phosphorylated Vav1.
Increased Vav1 Expression Overcomes Cbl-b-mediated Inhi-

bition—A previous finding that Vav1 is unessential for Cbl-me-
diated regulation of conventional ��T cell development,
shown in Vav1�/�Cbl�/� mice (48), indicates that a Vav1-in-
dependent bypass activation pathway might exist. To test
whether a similar mechanism is present in ��T cells, double
knockdown of Vav1 and Cbl-b was performed (Fig. 8A). The
deficiency of ��T cell cytotoxicity and IFN-� production due to
Vav1 knockdown was partially rescued by the Cbl-b knock-
down (Fig. 8B). Although ��T cell responses were rescued to
some extent by double knockdown of Vav1 and Cbl-b, cyto-
toxicity and IFN-� production were far from normal (Fig.
8B). Thus, the absence of Cbl-b might just release a bypass
activation pathway such as Vav2 or Vav3 signaling that func-
tions more weakly than Vav1. This result raised the possibil-
ity that Vav1 overexpression could override Cbl-b-mediated
inhibition and bypass the dependence on TCR�� activation.
Meanwhile, if NKG2D signals through a Cbl-b-sensitive
pathway apart from the Vav1-PLC-�1 axis, Vav1 overexpres-
sion would not override the Cbl-b-mediated inhibition of
NKG2D signaling and would not increase the co-stimulatory
effect of NKG2D on TCR��. To test this hypothesis, ��T
cells were transiently transfected with GFP-tagged Vav1.

Overexpression of GFP-tagged Vav1 resulted in increased
��T cell cytotoxicity and IFN-� production even after
NKG2D engagement (Fig. 8C). Vav1 overexpression by-
passed the Cbl-b-mediated inhibition by stimulating the
phosphorylation of PLC-�1 and Erk after NKG2D engage-
ment (Fig. 8D). These data suggest NKG2D co-stimulation
with TCR�� through the Vav1-PLC-�1 axis. Vav1 overex-
pression can circumvent the necessity for TCR��-dependent
activation and enable NKG2D alone to become sufficient for
activation. Taken together, our data suggest that Cbl-b
imposes a requirement of TCR��-dependent activation, and
the activation of ��T cell cytotoxicity requires a strong sig-
nal to overcome the activation threshold set by the inhibitory
effect of Cbl-b.

DISCUSSION

The major finding of this study is that TCR��-dependent
lytic granule polarization makes the major contribution to ��T
cell cytotoxicity through a Vav1-dependent PLC-�1 signaling
pathway in which NKG2D plays an augmentative role. TCR��
and NKG2D are two important receptors on ��T cells respon-
sible for tumor lysis. Our results show that TCR�� ligation
alone could initiate downstream Vav1-dependent PLC-�1
signaling in ��T cells, resulting in lytic granule polarization
and active killing, whereas NKG2D engagement alone could
not trigger effective cytotoxicity-related signaling and,

FIGURE 6. ��T cell cytotoxicity is Vav1-dependent. A, lysis of P815 cells and IFN-� production by rested ��T cells transfected with the indicated siRNAs before
stimulation with mAb to TCR��, NKG2D, or both. Values represent the mean � S.D. **, p � 0.01. B, Western blot analysis of phosphorylation of Vav1
(pY160-Vav1) during the activation of ��T cells. The normalized intensities of the phosphorylated Vav1 relative to actin were quantified using ImageJ software.
Data are representative of three independent experiments. C, Western blot analysis of p-PLC-�1, p-Erk1, p-Erk2, and Vav1 in ��T cells transfected with
Vav1-specific siRNAs or control siRNAs. The cells were stimulated with isotype control mAb or mAb specific for TCR�� and NKG2D. D, rested ��T cells were
mock-transfected or transfected with Vav1-specific siRNAs. Polarization of perforin-containing granules toward target cells was quantified. Data are repre-
sentative of three independent experiments. **, p � 0.01.
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therefore, could not overcome the inhibitory effect of Cbl-b.
However, NKG2D augmented the existing TCR��-mediated
signaling. This finding provides new insights into the molec-
ular mechanisms behind the cytotoxicity of ��T cells against
tumor cells.
The fact that ��T cell cytotoxicity is TCR��-dependent and

can be co-stimulated by NKG2D has been partially character-
ized. One question addressed here is why TCR�� alone, but not
NKG2D, can activate ��T cell cytotoxicity. Using TCR��
and/or NKG2D-activating antibody-redirected P815 cells as a
target cell model, we demonstrated that ��T cell cytotoxicity
was truly TCR��-dependent, whereas NKG2D only played a
supporting role in the presence of a TCR�� signal. This is not
consistent with the Rincon-Orozco et al. (49) study that ��T
cells might also be directly activated by NKG2D. We also dis-
covered that ��T cell cytotoxicity largely depended on the

polarized release of cytotoxic granules toward target cells
induced by TCR�� ligation but not the degranulation triggered
by TCR�� or NKG2D ligation. The ability to induce lytic gran-
ule polarization was the functional difference between TCR��
and NKG2D. It is also true in NK cells that natural cytotoxicity
is achieved by polarized release of perforin and granzymes
at the NK cell-target cell immunological synapse, whereas
degranulation without lytic granule polarization does not lead
to the effective lysis of target cells (16). In NK cells, only the
synergistic engagement of NKG2D (CD314) and 2B4 (CD244)
or 2B4 and DNAM-1 (CD226) can activate NK cells (50). How-
ever, in iNKT cells, NKG2D plays not only a direct, TCR-inde-
pendent, NK-like cytolysis role, but also plays a co-stimulatory
role in the CD1d-induced activation of iNKT cells (17). These
findings suggest that NKG2D might play different roles in dif-
ferent cells.

FIGURE 7. Cbl-b sets a threshold for ��T cell cytotoxicity and imposes the requirement of TCR��-dependent activation. A, lysis of P815 cells and IFN-�
production by rested ��T cells that were transfected with the indicated siRNAs. Values represent the mean � S.D. **, p � 0.01. B, lysis of P815 cells and IFN-�
production by rested ��T cells transfected with the indicated plasmids. Values represent the mean � S.D. **, p � 0.01. C, Western blot analysis of the
phosphorylation of Vav1 (pY160-Vav1) in ��T cells transfected with control siRNAs or Cbl-b-specific siRNAs before stimulation with isotype control mAb or mAb
against TCR��, NKG2D, or both. Normalized relative intensities of phosphorylated Vav1 to actin are presented. Data are representative of three independent
experiments. D, rested ��T cells were transfected with control siRNAs or Cbl-b-specific siRNAs, and lysates were immunoblotted for p-PLC-�1, p-Erk1, and
p-Erk2, or Cbl-b. Blots were reprobed for actin as loading controls. Data are representative of three independent experiments. E, rested ��T cells were
mock-transfected or transfected with Cbl-b-specific siRNAs. Polarization of perforin-containing granules toward target cells was quantified. Data are repre-
sentative of three independent experiments. **, p � 0.01. F, rested ��T cells were transfected with Cbl-b-specific siRNAs for the indicated time periods before
incubation with mAb specific to NKG2D. Lysates were immunoblotted for Vav1, p-Vav1 and Cbl-b. Actin was used as the sample loading control. Data are
representative of three independent experiments.
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Thenwhy is the TCR�� signal alone able to induce the polar-
ized release of cytotoxic granules and does how the co-stimu-
latory effect mediated by NKG2D takes place? We discovered
that TCR�� activation through antibody or IPP can induce
phosphorylation of PLC-�1 and Ca2� responses, which were
enhanced when additional NKG2D engaged through antibody
or ULBP5. Particularly, co-stimulation of TCR�� with NKG2D
antibody led to a transient up-regulation of PLC-�1 phosphor-
ylation and Ca2� responses, peaked at 5 min, and then quickly
disappeared; this was also seen in hMSH2-stimulated ��T cells.
Our results are consistent with the previous finding that TCR/
CD3 stimulation of ��T cells induced sustained intracellular
calcium mobilization, and NKG2D co-engagement led to the
strongest calcium mobilization at 5 min and subsequently
quick disappearance (21). Different from TCR and NKG2D
activation through anti-TCR���anti-NKG2D activating anti-
bodies or hMSH2 protein, IPP�ULBP5 caused a more sus-
tained PLC-�1 phosphorylation and Ca2� mobilization. These
variances in ��T cell downstream signaling may come from
different levels of TCR and/or NKG2D cross-linking caused by
the above ligands. Our results suggested that TCR�� and
NKG2D dually recognized ligands can induce stronger activa-
tion of PLC-�1 pathway, leading to more potent ��T cell cyto-
toxicity. Therefore, ��T cells may perform strong immunosur-

veillance to TCR�� and NKG2D dually recognized ligands
expressing tumor or infected cells.
The Vav family proteins (Vav1, Vav2, and Vav3) are guanine

nucleotide exchange factors (GEFs) for Rho-family GTPases. In
conventional ��T cells, Vav1 regulates the phosphorylation of
PLC-�1 and plays a central role in the regulation of lymphocyte
development, activation, and proliferation (13). Vav1 regulates
PLC-�1 phosphorylation via PI3K-dependent and -indepen-
dent pathways (41, 42, 51, 52). In the present study we found
that the phosphorylation of PLC-�1was unaffected by the PI3K
inhibitor, indicating that Vav1 might regulate the phosphory-
lation of PLC-�1 through the PI3K-independent pathway in
��T cells.

The mammalian Cbl family proteins include three homo-
logues known as c-Cbl, Cbl-b, and Cbl-3. Although all three
share the highly conserved TKB (tyrosine kinase-binding),
linker, andRINGdomains, which enable them to function as E3
ubiquitin ligases, they are involved in the degradation of differ-
ent phosphorylated proteins through the ubiquitin proteasome
system (41). In this studywe found that Cbl-b inhibited ��Tcell
cytotoxicity by decreasing the level of phosphorylated Vav1,
indicating that Cbl-b may be largely involved in functional
modifications of signalingmolecules in the earlier phase of ��T
cell cytotoxicity activation. Vav1 overexpression and Cbl-b

FIGURE 8. Increased Vav1 expression overcomes Cbl-b-mediated inhibition. A, Western blot analysis of the knockdown efficiency of siRNAs specific for
Vav1 or Cbl-b in ��T cells. B, redirected lysis of P815 cells and the release of IFN-� by rested ��T cells transfected with the indicated siRNAs at an E:T ratio of 10:1.
��T cells were stimulated with mAb to TCR��, NKG2D, or both. Values represent the mean � S.D. **, p � 0.01. C, lysis of P815 cells and IFN-� production by
rested ��T cells that were mock-transfected or transfected with GFP control or GFP-Vav1 plasmid before stimulation with mAb to TCR��, NKG2D, or both.
Values represent the mean � S.D. **, p � 0.01. D, Western blot analysis of the p-PLC-�1, p-Erk1, and p-Erk2 in ��T cells transfected with the indicated plasmids
before stimulation with mAb to TCR��, NKG2D, or both. Data are representative of three independent experiments.
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knockdown resulted in permissive ��T cell activation in the
presence of NKG2D engagement, suggesting that the NKG2D
co-stimulatory effect requires the Vav1-PLC-�1 axis. Cbl-b
could enforce a TCR�� dependence of ��T cell cytotoxicity.
In contrast to an earlier study showing that NKG2D fulfilled

its co-stimulatory function through the PKC-� pathway and
PKC-� inhibitor could not abrogate anti-CD3 antibody-in-
duced ��T cell cytotoxicity (21), we found that PKC-� pathway
also played an important role in TCR��-dependent cytotoxic-
ity, as PKC-� inhibitor could completely abrogate��Tcell cyto-
toxicity. In this respect, ��T cells were similar to the conven-
tional��T cells, as PKC-� is crucial for the activation ofmature
T cells and cytokine production (53). PKC-� is a novel PKC
isoform whose activation requires diacylglycerol but not Ca2�

(30). The phosphorylation of PLC-�1 triggers the generation of
diacylglycerol and 1,4,5-trisphosphate from phosphatidylinosi-
tol 4,5-bisphosphate and results in the induction of Ca2�influx
(31). TCR�� engagement can induce strong activation of
PLC-�1 pathway resulting in the generation of diacylglycerol,
which can in turn activate PKC-�. PKC-� signaling leads to the
degradation of Cbl-b (54), which induces polarized release of
cytotoxic granules and activation of ��Tcell cytotoxicity. In the
presence of TCR�� stimulation, NKG2D ligation, dispensed
with Cbl-b inhibition, can turn on downstream cytotoxicity-
related signaling.
Based on the findings above, we inferred a model of the

TCR�� and NKG2D signaling network in ��T cells (Fig. 9),
indicating that both TCR�� signaling and NKG2D signaling
rely on the Vav1-PLC-�1 pathway for cytolytic function.
TCR�� works independently, whereas NKG2D functions as a
co-stimulatory receptor in the presence of TCR�� stimulation.

Vav1 is a critical upstream activator of PLC-�1 and Erk signal-
ing in ��T cells, whereas PLC- �1 is upstream of Erk. Vav1 is
negatively regulated by Cbl-b. Inhibition of both Vav1 and
PLC-�1 abrogates ��T cell cytotoxicity and cytokine release,
whereas inhibition of Erk only blocks cytokine release but not
lytic granule polarization. This model implies the existence of
separate regulatory mechanisms of cytokine release versus
cytotoxicity in ��T cells. Cbl-b serves as a gatekeeper that neg-
atively regulates the activation of ��T cells by targeting phosphor-
ylated Vav1. In summary, Vav1-PLC-�1-dependent TCR�� acti-
vation of ��T cell can overcome Cbl-b-mediated inhibition of
cytotoxicity. Our findings provide a new understanding of the
molecular mechanisms behind the cytotoxic function of ��T
cells, which may have implications for ��T-based cancer
immunotherapy by optimizing ��T cell effector function, most
likely by employingNKG2D ligands as adjuvantmolecules or by
modulating signaling pathways in ��T cells.
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