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Abstract Many hematological malignancies consist of

tumor cells that are spontaneously recognized and killed by

Vc9Vd2 T cells. These tumor cells generate high amounts

of intracellular phosphorylated metabolites mimicking the

natural ligands and display a wide range of stress-induced

self-ligands that are recognized by Vc9Vd2 T cells via

TCR-dependent and TCR-independent mechanisms. The

intrinsic features of Vc9Vd2 T cells and that of tumor cells

of hematological origin constitute an ideal combination

from which to develop Vc9Vd2 T cell-based immune

interventions. In this review, we will discuss the rationale,

preclinical and clinical data in favor of this therapeutic

strategy and the future perspectives of its development.
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Introduction

Hematological malignancies constitute the ideal setting for

exploitation of the unique antitumor properties of Vc9Vd2

T cells. Lymphoproliferative disorders such as B cell

lymphomas, chronic lymphocytic leukemia (CLL) and

multiple myeloma (MM) consist of tumor cells that are

spontaneously recognized and killed by Vc9Vd2 T cells.

Many of these diseases are preceded by a premalignant

phase [monoclonal B cell lymphocytosis (MBL) in the case

of CLL and monoclonal gammopathy of undetermined

significance (MGUS) in the case of MM] [1, 2] during

which innate effector cells, such as Vc9Vd2 T cells, NK

and NKT cells, play an important role in holding mono-

clonal B cells in check by exploiting their ability to

recognize stress-induced self-ligands [3, 4].

Even when the monoclonal B cell population exceeds a

critical threshold and the disease is classified as malignant,

the immune system is still able to hold it in check and a

significant tumor burden may be asymptomatic for a long

time as in stage A CLL, indolent MM, early follicular

lymphoma and many other settings [5]. Several clinical and

laboratory evidences accredit innate effector cells such as

NKT and Vc9Vd2 T cells with the ability to control tumor

cells during the early phases of the disease [3, 4, 6].

Unfortunately, this control is antagonized by tumor cells

via immune editing and other immune escape strategies,

and tumor-specific immune surveillance gradually fades

away. For instance, Vc9Vd2 T cells are normally repre-

sented and functionally active in early MM, but eventually

become phenotypically and functionally abnormal as it

progresses [6, 7].

The intrinsic susceptibility of hematopoietic tumor cells

to immune cells and, in particular, of B cell tumors to

Vc9Vd2 T cells, has only been partially deciphered.

In general terms, malignant cells of both the myeloid and

the B cell lineage may be very attractive to immune cells

because they are professional antigen-presenting cells

(APC) intrinsically committed to the recruitment of

innate and adaptive immunity. More specifically related to
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Vc9Vd2 T cell immunosurveillance is the increased

activity of the mevalonate (Mev) pathway detected in many

hematopoietic tumor cells. This pathway generates inter-

mediate metabolites like isopentenyl pyrophosphate (IPP)

and dimethylallyl pyrophosphate (DMAPP) that mimick

the natural ligands of Vc9Vd2 T cells. Moreover, hema-

topoietic tumor cells often express a restricted set of

endogenous stress determinants which are recognized by

the NK-like activatory receptors expressed by Vc9Vd2 T

cells (see also below) [8].

Lastly, hematological malignancies, and lymphoprolif-

erative disorders in particular, are among those in which

passive immunotherapy with monoclonal antibodies

(mAbs) has more significantly improved the clinical out-

come in association with conventional chemotherapy.

Several in vitro and in vivo data indicate that Vc9Vd2 T

cells are excellent candidates to further improve the effi-

cacy of chemoimmunotherapy (CIT) because they are

equipped with the appropriate lytic machinery and Fcc
receptors (FccR) to exert antibody-dependent cell cyto-

toxicity (ADCC). Moreover, a recent report has shown that

they potentiate the ADCC of NK cells against hemato-

poietic tumors [9].

Taken together, these data indicate that the intrinsic

features of Vc9Vd2 T cells on the one hand, and that of

tumor cells on the other, constitute an ideal combination

from which to develop Vc9Vd2 T cell-based immune

interventions in hematological malignancies. In this

review, we will discuss the rationale, preclinical and clin-

ical data in favor of this therapeutic strategy.

Vc9Vd2 T cells as privileged immune effectors against

tumor cells in hematological malignancies

The peculiar capacity of Vc9Vd2 T cells to naturally rec-

ognize and kill tumor cells of hematological origin was

initially reported by Fisch et al. [10–12]. They investigated

the cytotoxic activity of more than 100 Vc9Vd2 T cell

clones derived from healthy donors against an extensive

panel of tumor cell lines, including the hematopoietic-

derived K562, Molt-4, Daudi and Raji cell lines [10]. All

Vc9Vd2 T cell clones were highly cytotoxic against the

MHC class I negative Daudi cells, whereas they failed to

lyse the MHC class I positive Raji cells. Notably, the

ability to proliferate and kill Daudi cells was an intrinsic

feature since, by contrast with conventional CD8? cells,

these clones did not require prior sensitization to perform

their effector function [13]. Moreover, Vd1 T cells did not

proliferate to Daudi cells and IL-2 expanded Vd1 T cell

clones were unable to kill Daudi cells in vitro.

The peculiar capacity of Vc9Vd2 T cells to naturally

recognize tumor cells of B cell origin was confirmed by

showing that those from the peripheral blood of normal

donors proliferated after stimulation with a large panel of B

cell lymphoma cell lines, mostly derived from Burkitt

lymphomas and expressing MHC class I molecules [12].

This proliferative response was lower than that observed

against Daudi cells, leading to the conclusion that MHC

class I molecules restrict the natural cytotoxic activity of

Vc9Vd2 T cells against B cell lymphomas. However, the

observations that a MHC class I expressing Daudi variant,

transfected with the mouse b2-microglobulin, was also

killed by Vc9Vd2 T cell clones, and that three MHC class I

negative cell lines derived from solid tumors did not induce

any expansion of Vc9Vd2 T cells led to reconsideration of

the role of MHC class I molecules in the natural recogni-

tion of lymphoma B cells.

A key role of Vc9Vd2 T cells in the control of B cell

malignancies was also illustrated by Street et al.’s

demonstration that gene-targeted mice lacking b2-micro-

globulin and/or perforin have an high incidence of

spontaneous disseminated B cell lymphomas [14]. By

inoculating these tumors into a variety of gene-targeted,

mutant or lymphocyte subset-depleted mice, they showed

that NK cells and Vc9Vd2 T cells prevented the develop-

ment of spontaneous B cell lymphomas through a perforin-

dependent mechanism.

B cell lymphomas are not the only hematological tumors

intrinsically able to activate Vc9Vd2 T cells. The myeloma

cell line RPMI 8226 also induce the activation and pro-

liferation of Vc9Vd2 T cell clones with the capacity to

exert non-MHC restricted cytotoxic activity against an

extended spectrum of tumor cell lines [15]. XG-7 is another

myeloma cell line which is naturally recognized by

Vc9Vd2 T cells. Zheng et al. showed that XG-7 cells

selectively induce the proliferation of Vc9Vd2 T cells of

healthy individuals. Under optimal conditions, bulk cul-

tures contained more than 80% Vc9Vd2 T cells. XG-7 cells

induced activated Vc9Vd2 T cells that exerted TCR-

dependent cytotoxicity against several tumor cell lines

other than the inducing one, including Molt-4, BJAB,

EBV-transformed lymphoid cell lines (LCL), and two

nasopharyngeal carcinoma cell lines [16].

These results indicate that B cell tumors are unique in

their ability to activate Vc9Vd2 T cells. Once activated,

however, Vc9Vd2 T cells also recognize and kill tumor

cells unrelated to the inducing ones. Thus, B cell and solid

tumors share common targets which are sufficient for

recognition and killing by Vc9Vd2 T cells, but only the

former are immunogenic enough to activate unprimed

Vc9Vd2 T cells and trigger their effector functions. Indeed,

most solid tumor cells are unable to activate Vc9Vd2 T

cells unless they are manipulated to maximize Vc9Vd2 T

cell immune reactivity. Targeting the Mev pathway to

increase the production of endogenous IPP, or pulsing
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tumor cells with exogenous IPP or synthetic IPP analogs,

has widely been used to achieve this goal (see also

below) [17, 18]. IPP is very similar to the natural ligands

recognized by Vc9Vd2 T cells, collectively termed

phosphoantigens (pAgs), which are generated in the Mev

and non-Mev pathways of bacteria and other pathogens

during isoprenoid biosynthesis [19, 20]. Synthetic analogs,

such as bromohydrin pyrophosphate (BrHPP), monoethyl

pyrophosphate (EtPP), and 2-methyl-3-butenyl-1-pyr-

ophosphate (2M3B1-PP) have been developed to mimick

the natural pAgs recognized by Vc9Vd2 T cells and induce

their activation in vitro and in vivo [21, 22]. Several reports

indicate that antitumor capacity of Vc9Vd2 T cells is

greatly enhanced by activation with synthetic pAgs

(s-pAgs), tumor cells or APC, such as monocytes and

dendritic cells (DCs), which have accumulated supra-

physiological levels of endogenous IPP [6, 23]. The most

effective antitumor activity is achieved when Vc9Vd2 T

cells are activated with aminobisphosphonates (NBPs) or

s-pAgs and challenged against tumor cells which have

generated large amounts of intracellular IPP. Even if

Vc9Vd2 T cells recognize pAgs generated in plant cells

and microorganisms of various origin, the recognition of

tumor cells that have accumulated intracellular IPP is

species-specific, since NBP-pulsed tumor cell lines of

murine origin fail to activate human Vc9Vd2 T cells, even

if derived from B cells [24].

Relevance of the Mev pathway in hematological

malignancies

The Mev pathway plays an important role in the survival and

growth of mammalian cells by providing them with a variety

of essential bioactive molecules. Mev is synthesized intra-

cellularly from 3-hydroxy-3-methylglutaryl coenzyme A

(HMGCoA) in a process catalyzed by HMG-CoA reductase

(HMGR), the rate limiting enzyme in the pathway [25]. The

Mev pathway converts mevalonate into both sterol isopre-

noids, such as cholesterol, and nonsterol isoprenoids, such as

farnesylpyrophosphate (FPP) or geranylgeranylpyropho-

sphate (GGPP). FPP and GGPP are generated by FPP

synthase (FPPS), an enzyme acting downstream from HMGR

in the Mev pathway. FPP and GGPP are hydrophobic mole-

cules critical for the isoprenylation of a variety of proteins

essential in cell growth and differentiation. This post-trans-

lational modification depends on the binding of FPP and

GGPP to target proteins by farnesyltransferase (FT) or ger-

anylgeranyltransferase (GGT). Upon isoprenylation, proteins

are correctly anchored to cell membranes and acquire the

ability to perform their normal function.

Several epidemiological, preclinical and clinical data

underscore the importance of the Mev pathway in

hematological malignancies. Harwood et al. have shown

that the activity of HMGR in freshly isolated leukocytes

from patients with a variety of hematologic malignancies

was significantly increased (up to 20-fold) when compared

to that in leukocytes from normal subjects. The increased

activity in patients with preleukemia was due to a rise in

enzyme catalytic efficiency, whereas that in leukocytes

from patients with overt leukemia or B cell lymphoma was

due to a concomitant increase in both enzyme catalytic

efficiency and enzyme protein concentration [26]. Shachaf

et al. have confirmed the key role of the Mev pathway in B

cell lymphoma by showing in a transgenic mouse model

that inhibition of HMGR with atorvastatin prevents and

reverses MYC-induced lymphomagenesis [27]. Lastly,

epidemiological data from the European Case–Control

Study EPILYMPH showed that statin use was associated

with a reduced risk of lymphoma, with a similar reduction

for all major histologic subtypes [28].

Since the Mev pathway generates intermediate metab-

olites that activate Vc9Vd2 T cells, one can speculate that

tumor cells with a very active pathway are more inclined to

signal to autologous Vc9Vd2 T cells compared to those

with a limited activity. Several drugs are available to

switch ‘‘on’’ or ‘‘off’’ the Mev pathway with opposite

effects on Vc9Vd2 T cells. In general, drugs or strategies

increasing intracellular IPP concentrations facilitate,

whereas those that decrease them prevent, the activation of

Vc9Vd2 T cells. For instance, silencing the IPP-consuming

enzyme FPPS in Raji cells converted them into Vc9Vd2 T

cell activators [29], whereas statins, which are irreversible

HMGR inhibitors, abrogate IPP accumulation in tumor

cells and abolish Vc9Vd2 T cell activation [6, 18, 30].

NBPs target FPPS downstream from HMGR and induce

intracellular IPP accumulation. These drugs are extensively

used to prevent and treat skeletal-related events in MM and

other solid tumors. NBPs very avidly concentrate in the

mineral bone where they are taken up by osteoclasts during

bone resorption. Osteoclasts are then forced to apoptosis as

a consequence of both defective protein prenylation and

intracellular accumulation of triphosphoric acid 1-adeno-

sin-50-yl ester 3-(3-methylbut-3-enyl) ester (ApppI).

ApppI has recently been identified as a novel pro-apoptotic

ATP analog, whose synthesis is forced in osteoclasts and

other NBP-treated cells by the supra-physiological intra-

cellular IPP concentrations provoked by ZA-induced FPPS

inhibition [31]. Interestingly, ApppI is naturally produced

by Daudi cells, the prototypic tumor cell targeted by

Vc9Vd2 T cells. It has recently been proposed that ApppI

acts as an inactive storage form of IPP because it binds to

ecto-F1-ATP synthase, a mitochondrial ATP synthase

ectopically expressed on the cell surface of tumor cells

which activates Vc9Vd2 T cells in association with apoli-

poprotein A-1 [32, 33].

Vc9Vd2 T cells in hematological malignancies 2421

123



NBPs can be used to induce controlled IPP accumula-

tion in APC and tumor cells to activate Vc9Vd2 T cells.

We and others have shown that zoledronic acid (ZA), the

most potent NBP currently available for clinical use,

increases the immunosensitivity of myeloma and B cell

lymphoma cells to Vc9Vd2 T cells. This strategy has also

been applied to reconvert tumor cell lines and primary

tumor cells not intrinsically susceptible to Vc9Vd2 T cell

recognition and killing into sensitive targets [17, 18, 24].

Kato et al. showed that the majority of human solid tumor

cell lines can be sensitized to Vc9Vd2 T cell-mediated

cytotoxicity after pulsing with pamidronate, a second-

generation NBP which also induces IPP accumulation by

blocking FPPS [19]. Kunzmann et al. were the first to

formulate the hypothesis [34], and Gober et al. the first to

provide the proof-in-principle [18] that NBP activate

Vc9Vd2 T cells by inducing an intracellular IPP accumu-

lation in tumor cells as an upstream consequence of FPPS

inhibition rather than by structural homologies with natural

pAgs. The same mechanism has been reported by Roelofs

et al., and by our group to explain the unique ability of

monocytes and DC to induce the activation and prolifera-

tion of Vc9Vd2 T cells after short-term incubation with ZA

[6, 35, 36].

Expression of NKG2D ligands and other

TCR-independent target molecules

in hematological malignancies

Besides a very active Mev pathway, tumor cells of hema-

tological origin display a wide range of cell surface

proteins that can be recognized by Vc9Vd2 T cells via

TCR-independent mechanisms. Gomes et al. used gene

expression profiling to screen a large panel of acute lym-

phoblastic leukemia and lymphoma cell lines, and primary

hematopoietic tumor samples to identify markers of sus-

ceptibility versus resistance to Vc9Vd2 T cell-mediated

cytotoxicity. They identified 10 genes encoding proteins

whose cell surface expression was statistically different in

Vc9Vd2 T cell-susceptible versus Vc9Vd2 T cell-resistant

tumor cells. Three genes (ULBP1, TFR2 and IFITM1)

were associated with increased susceptibility to Vc9Vd2 T

cells, whereas seven genes (CLEC2D, NRP2, SELL,

PKD2, KCNK12, ITGA6 and SLAMF1) were more

expressed in resistant tumors [37].

ULBP1 is a member of the UL16-binding protein

(ULBP) family of stress-inducible, nonclassic MHC pro-

teins recognized by Vc9Vd2 T cells via the activating NK

receptor member D of the lectin-like receptor family

(NKG2D). The second group of NKG2D ligands are the

stress-inducible MHC class I chain-related (MIC) protein A

(MICA) and B (MICB) [38–40]. ULPB and MICA/B are

both expressed on the cell surface of several hematological

malignancies, such as B cell lymphomas, acute leukemias,

CLL and MM [41–43]. Their expression and surface den-

sity strongly influence the susceptibility of tumor cells to

innate effector cells such as NK cells and Vc9Vd2 T cells

[44]. Lanca et al. have recently shown that the expression

levels of ULBP1 in leukemia and lymphoma cells deter-

mines the tumor cell susceptibility to Vc9Vd2 T cell-

mediated cytolysis, and that NKG2D blockade significantly

inhibits lymphoma cell killing [45]. They draw the con-

clusion that Vc9Vd2 T cell-mediated surveillance

of hematopoietic tumors is a two-step process where

Vc9Vd2 T cells are activated through TCR stimulation via

pAgs, but tumor cell recognition is mainly dependent on

NKG2D.

Similar results have been reported by Girlanda et al.,

who propose a dual interaction between Vc9Vd2 T lym-

phocytes and myeloma cells involving both TCR triggering

via pAgs and NKG2D-mediated signals. Vc9Vd2 T cells

produced more IFN-c and killed pamidronate-treated

myeloma cells more efficiently if they expressed MICA on

the cell surface. These authors also showed that MICA was

expressed not only by myeloma cell lines and the majority

of patients with active disease but also by MGUS indi-

viduals (six out of six), suggesting a role for MICA in the

immune surveillance against MM (see also above) [4].

The expression of NKG2D ligands on tumor cells is not

the only key factor promoting Vc9Vd2 T cell activation

and tumor cell killing. Human Vc9Vd2 T cells frequently

express both killer activatory (KARs), such as NKG2D,

and killer inhibitory receptors (KIRs) that fine-tune their

activation threshold [8]. The net balance between the

expression of KARs and KIRs thus determines the ability

of Vc9Vd2 T cells to recognize and kill tumor cells.

The intracellular cell adhesion molecule-1 (ICAM-1) is

another cell surface molecule playing a key role in Vc9Vd2

T cell-mediated myeloma cell recognition and killing [46].

Uchida et al. have shown that the susceptibility of RPMI

8226 and U266 myeloma cell lines to the cytotoxic activity

of Vc9Vd2 T cells requires both recognition of the Mev

pathway metabolites, and expression of ICAM-1. The

observation that the cytotoxic activity of Vc9Vd2 T cells

against RPMI 8226 and U266 cells was not enhanced by

ZA, and the video microscopic studies showing tight

adhesion between Vc9Vd2 T cells and tumor cells led these

authors to hypothesize that: (1) Mev metabolites in RPMI

8226 and U266 cells have already accumulated to maximal

levels; and (2) adhesion molecules contribute to Vc9Vd2 T

cell-mediated cytotoxicity. Indeed, treatment with anti-

ICAM-1 blocking mAb inhibited the killing of RPMI 8226

and U266 cells, whereas blocking mAbs against other

adhesion molecules (ICAM-3, LFA-3, VCAM-1, VLA-4)

had no effect.
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Altogether, these data indicate that tumor cells of

hematological malignancies are very good candidates to

activate Vc9Vd2 T cells because of their metabolic

properties and equipment of cell surface proteins naturally

recognized by Vc9Vd2 T cells (Fig. 1). This susceptibility

can be further increased by manipulating the Mev path-

way to generate an excess of IPP and, eventually, by

modulating the expression of KARs and KIRs and their

ligands on the cell surface of Vc9Vd2 T cells and tumor

cells, respectively. Ranking of human tumor cells in

function of their intrinsic or inducible susceptibility to

Vc9Vd2 T cell recognition and killing can be postulated.

At the top of the list are tumor cells of B cell origin,

whereas at the bottom are cells from some solid tumors.

So far, there are no data available that tumor cells other

those of human origin display the same Vc9Vd2 T cell

susceptibility (Fig. 2).

Preclinical evidences of antitumor Vc9Vd2 T cell

activity in hematological malignancies

As stated earlier, most of the studies about the suscepti-

bility of hematopoietic tumor cells to Vc9Vd2 T cells have

been conducted using Vc9Vd2 T cell clones or Vc9Vd2 T

cells from healthy individuals. These studies have provided

the proof-in-principle and dissected some of the mecha-

nisms exploited by normal Vc9Vd2 T cells to kill tumor

cells, but have devoted very little attention to a key issue,

namely, whether Vc9Vd2 T cells from cancer patients are

also able to perform the same way after a lengthy exposure

to tumor cells and their immune editing activity.

Kunzmann et al. were among the first to explore the

fitness of Vc9Vd2 T cells in patients with hematological

malignancies and address the use of pamidronate to acti-

vate Vc9Vd2 T cells and generate antitumor activity in

MM [34, 47]. In their initial in vitro study, they showed

that NBPs (alendronate, ibandronate, and pamidronate)

induce a dose-dependent activation and expansion of

Vc9Vd2 T cells in primary peripheral blood mononuclear

cell (PBMC) cultures of healthy donors at clinically rele-

vant concentrations. They also showed that pamidronate

stimulate bone marrow (BM) Vc9Vd2 T cells in 14 out of

24 tested patients, and that their activation was associated

with a significant decrease in the number of autologous BM

plasma cells. The failure to stimulate Vc9Vd2 T cells in all

patients was interpreted as a consequence of a general

dysfunction affecting T cell-mediated immunity.

Subsequent to these seminal papers, other groups have

shown that MM Vc9Vd2 T cells can be induced to recognize

and kill myeloma and lymphoma cells upon stimulation with

NBPs or s-pAgs such as IPP and BrHPP [6, 7, 46, 48, 49]. We

have shown that ZA induced the activation and proliferation

of peripheral blood Vc9Vd2 T cells via autologous mono-

cytes, which serve as endogenous IPP producers, and by

enhancing the immunosensitivity of myeloma cells to

Vc9Vd2 T cells. We also confirmed that the proliferative

expansion of peripheral Vc9Vd2 T cells did not occur in all

patients: approximately 50% of MM patients at diagno-

sis lack Vc9Vd2 T cell proliferation in response to

Fig. 1 Tumor cell-induced activation of Vc9Vd2 T cells. The Mev

pathway of tumor cells can generate supra-physiological amounts of

phosphorylated Mev pathway metabolites, such as IPP, that mimick

the natural p-Ags recognized by Vc9Vd2 T cells via their TCR. The

Mev pathway is particularly active in tumor cells of hematopoietic

origin. Other molecules that are recognized via TCR include ecto-F1-

ATPase, a form of the mitochondrial ATP synthase ectopically

expressed with ApoA-1 on the cell surface of tumor cells, including

those of hematological origin. The ecto-F1-ATPase/Apo-1 complex is

probably involved in the presentation of endogenous phosphorylated

Mev metabolites, considering its capacity to bind ApppI. ApppI is an

IPP-containing metabolite which is naturally produced in Daudi cells

and formed in NBP-treated cells when intracellular IPP levels exceed

a critical threshold as a consequence of FPPS inhibition. Tumor cells

also display a wide range of cell surface proteins that are recognized

via TCR-independent mechanisms, including a restricted set of

endogenous stress determinants that are recognized via KARs, such as

NKG2D, and KIRs. The expression of MHC class I molecules on

tumor cells is generally sensed by Vc9Vd2 T cells as an inhibitory

signal. The net balance between the expression of KARs and KIRs on

Vc9Vd2 T cells, and the expression of their corresponding ligands on

tumor cells, fine-tune the activation threshold and antitumor activity

of Vc9Vd2 T cells. Another set of molecules that facilitate Vc9Vd2 T

cell activation is represented by adhesion molecules such as LFA-1,

CD6, CD2, and CD226. The interactions of these molecules with the

corresponding ligands on tumor cells (ICAM-1, LFA-3, CD166 and

others) help to stabilize the immunological synapse and deliver

co-stimulatory signals. After productive interaction with tumor cells,

fully activated Vc9Vd2 T cells proliferate, release cytokines (such as

IFN-c, TNF-a), chemokines (such as MIP-1a, MI-1b), and exert direct

and indirect cytotoxic activity againt tumor cells, either alone or in

association with other innate and adaptive immune effector cells

(such as NK cells, CTL) and molecules (such as ADCC). Considering

the immune adjuvant properties of Vc9Vd2 T cells, the immune

performances of other effector cells are generally improved by their

concurrent activation

Vc9Vd2 T cells in hematological malignancies 2423
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monocyte-dependent ZA stimulation. These patients were

defined as non-responders (NR), whereas those who showed

total counts of Vc9Vd2 T cells after stimulation in the same

range as normal donors were defined as responders (R). A

very similar proportion of NR patients was reported by

Wilhelm et al. who extended this analysis to other B cell

lymphoid malignancies showing that approximately 20 and

80% of patients can be classified as NR in NHL and CLL,

respectively [50, 79].

BrHPP has also been used to activate MM Vc9Vd2 T

cells [7]. Burjanadze et al. compared the capacity of BrHPP

and ZA to induce the proliferative expansion of Vc9Vd2 T

cells and anti-myeloma cell cytotoxicity in MM patients at

different time points throughout the disease. They showed

that BrHPP triggered a 100-fold expansion of Vc9Vd2 T

cells in almost 80% of newly diagnosed patients, whereas

less vigorous expansions were observed when Vc9Vd2 T

cells were obtained at the time of hematopoietic progenitor

collection or in relapsing patients. An important finding of

this study from the translational standpoint was that

expanded Vc9Vd2 T cells efficiently killed myeloma cell

lines and primary myeloma cells, but not normal CD34

cells.

Even if B cell malignancies are the most suitable can-

didates, other hematopoietic tumors are under investigation

to exploit the intrinsic antitumor properties of Vc9Vd2 T

cells. Kiladjian et al. have evaluated the phenotype, func-

tion, and expansion capacity of peripheral Vc9Vd2 T cells

in patients with myelodysplastic syndromes (MDS) [51].

They found that Vc9Vd2 T cells proliferated in response to

BrHPP and IL-2 in 60% of MDS patients irrespective of

cytogenetic findings, WHO subtype or risk category. Sev-

enty percent of NR MDS patients had a concomitant

autoimmune disorder and a lower Vc9Vd2 T cell count in

the peripheral blood. These findings led the authors to

suggest that Vc9Vd2 T cells, like NK cells, are deeply

involved in the immune surveillance defects occurring in

MDS. Once expanded, however, Vc9Vd2 T cells display

normal cytokine production and cytotoxic activity against

MDS cell lines and primary tumor cells. The authors’

conclusion is that Vc9Vd2 T cells can be of particular

value in the development of immunotherapy-based

approaches in MDS, at least in the subset of R patients.

Chronic myeloid leukemia (CML) is a myeloproli-

ferative disease in which Vc9Vd2 T cells are under

investigation as antitumor effector cells. The CML stan-

dard of care is currently represented by imatinib, a

competitive inhibitor of the BCR-ABL tyrosine kinase.

However, from 20 to 30% of CML patients display primary

or develop secondary resistance to imatinib. One strategy

to rescue these patients is to treat them with more potent

tyrosine kinase inhibitors like dasatinib and nilotinib. An

alternative strategy is the association with drugs that syn-

ergistically act with imatinib and other tyrosine kinase

inhibitors. ZA was found to increase the antileukemia

activity of imatinib both in vitro and in vivo and to inhibit

the proliferation and induce the apoptosis of imatinib-

resistant CML cells [23]. Since ZA also increase the sus-

ceptibility of tumor cells to Vc9Vd2 T cells (see above),

D’Asaro et al. investigated the possibility of activating

Vc9Vd2 T cells with ZA to generate immune-mediated

antileukemia activity. Like patients with B cell malignan-

cies and MDS patients, CML patients differ in the

magnitude of their Vc9Vd2 T cell responses, and both R

and NR patients were identified. Unlike patients with B cell

malignancies, however, expanded Vc9Vd2 T cells failed to

kill both CML cell lines and primary tumor cells if left

untreated. Treatment of target cells with ZA was required

to generate significant antitumor activity against autolo-

gous and allogeneic leukemia cells that could be detected

Fig. 2 Ranking of human tumor cells in function of their intrinsic or

inducible susceptibility to Vc9Vd2 T cell recognition and killing. At

the top of the list are tumor cells of B cell origin, such as B cell

lymphomas (NHL) and MM. These cells are the only ones immu-

nogenic enough to fully activate unprimed Vc9Vd2 T cells. Once

activated by these tumor cells, Vc9Vd2 T cells also recognize and kill

tumor cells unrelated to the inducing ones. Data obtained with cell

lines indicate that an hierarchical order also exist among B cell

tumors. The activity rate of the Mev pathway and the reciprocal

expression of cell surface ligands for KARs and KIRs of Vc9Vd2 T

cells may determine their final immunogenicity and immune suscep-

tibility. CML tumor cells display an intermediate susceptibility to

Vc9Vd2 T cells. ZA-induced IPP accumulation is required to convert

them into highly susceptible targets. Most solid tumor cells behave as

CML cells, being unable to activate Vc9Vd2 T cells unless they are

manipulated to maximize Vc9Vd2 T cell immune reactivity. How-

ever, there are some cell lines derived from solid cancer that never

become susceptible to Vc9Vd2 T cells irrespective of any manipu-

lation. So far, there are no data available that tumor cells other those

of human origin are susceptible to Vc9Vd2 T cells, even if derived

from B cells and treated with NBPs to increase their intracellular IPP

content. This hierarchical rank of susceptibility is not irrevocable and

it is possible to scale up the position of certain tumor cells in the list

by manipulating the Mev pathway to generate an excess of IPP or

modulating the expression of KIRs and KARs and their ligands on the

cell surface of Vc9Vd2 T cells and tumor cells, respectively
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in vitro and after adoptive transfer of activated Vc9Vd2

T cells and ZA-treated tumor cells into immunodeficient

mice in vivo. Based on these results, the authors pro-

posed intentional activation of Vc9Vd2 T cells with ZA

and low doses of IL-2 as a novel strategy for CML

immunotherapy, especially in patients resistant to imati-

nib or with suboptimal responses to other tyrosine kinase

inhibitors.

The paucity of preclinical data about the therapeutic use

of Vc9Vd2 T cells in hematological malignancies is also a

consequence of the fact that mice lack the corresponding

human Vc9Vd2 T cell counterpart [52] and therefore it is

very difficult to exploit mouse models to investigate the

antitumor activity of Vc9Vd2 T cells in vivo after activa-

tion with s-pAgs or NBPs [53].

To overcome the limitations imposed by the differences

between mouse and human Vc9Vd2 T cell subsets, acti-

vated human Vc9Vd2 T cells and human cancer cell lines

have adoptively been transferred into immunodeficient

mice. A few studies have been performed in hematological

malignancies. D’Asaro et al. showed that Vc9Vd2 T cells

from healthy donors and CML patients, activated and

expanded ex vivo with ZA and IL-2, exerted antitumor

activity after adoptive transfer in Nod/SCID mice injected

with the MM1 cells, a CML cell line which is resistant to

any available tyrosine kinase inhibitor [23]. Malkovska

et al. showed that the adoptive transfer of polyclonal

human T cell populations containing a high percentage of

Vc9Vd2 T cells or Vc9Vd2 T cell clones prolonged the

survival of mice that received a lethal dose of Daudi cells

[54]. Chen et al. extended these results by showing that

when Vc9Vd2 T cells isolated from the tumor bed or the

ascites of patients with colorectal and ovarian epithelial

carcinoma are expanded ex vivo and adoptively transferred

into Daudi cell-bearing BALB/c nude mice their survival

rate is improved [55].

These studies have provided the proof-in-principle that

Vc9Vd2 T cells activated with s-pAgs and NBPs can exert

antitumor activity in vivo against human cancer cells of

hematological and non-hematological origin, but it is

important to consider that immunodeficient mice are not

fully representative of the human setting because: (1) they

lack almost all the immune components Vc9Vd2 T cells

interact with; and (2) they do not recapitulate all the

immune dysfunctions that tumor cells generate in immu-

nocompetent hosts. To overcome these limitations,

Gertner-Dardenne et al. have administered BrHPP and IL-2

in association with rituximab to cynomolgus macaques to

show that the in vivo activation of Vc9Vd2 T cells

improves the ability of rituximab to kill B cells in the

peripheral blood and lymph nodes and provides the

groundwork to improve the efficacy of cancer immuno-

therapy with therapeutic mAbs [56].

Therapeutic applications

Preclinical and clinical studies have paved the way for the

development of two strategies for the treatment of patients

with hematological malignancies: in vivo activation by

administration of Vc9Vd2 T cells agonists or adoptive

transfer of ex vivo activated Vc9Vd2 T cells (Fig. 3). The

seven clinical studies that have specifically investigated the

antitumor activity of Vc9Vd2 T cells are listed in Table 1.

Since only two deal with hematological patients, we

summarize the results as a whole and point out some

analogies between hematological and solid cancer patients.

As said above, in vivo stimulation of Vc9Vd2 T cells can

be achieved with s-pAgs such as BrHPP and 2M3B1-PP

or NBPs in association with IL-2. Other cytokines, such as

IL-15, IL-17, and IL-21 can sustain the proliferation and

immune fitness of Vc9Vd2 T cells, but are not yet available

for clinical trials.

s-pAgs and NBPs cannot be considered equivalent. Both

have pros and cons to be borne in mind when designing a

Fig. 3 Therapeutic strategies for Vc9Vd2 T cell-based immune

interventions. Two main strategies are under clinical investigation for

the treatment of patients with hematological malignancies and other

cancers: in vivo activation by administration of Vc9Vd2 T cells

agonists (left) or adoptive transfer of ex vivo activated Vc9Vd2 T

cells (right). In vivo stimulation of Vc9Vd2 T cells can be pursued

with s-pAgs such as BrHPP and 2M3B1-PP or NBPs in association

with IL-2. Other cytokines and growth factors can be useful, but they

are not yet available for clinical studies. Ex vivo expansion of

Vc9Vd2 T cells is induced with the same compounds. Each approach

has its own pros and cons. Pros of in vivo stimulation are low cost,

feasibility, and the possibility to exploit the pleiotropic direct and

indirect antitumor activities of NBPs. Cons are the microenvironment

interference and the immune dysfunctions eventually affecting

Vc9Vd2 T cells in cancer patients. Pros of ex vivo activation are

the possibility to generate large numbers of Vc9Vd2 T cells, and to

improve their immune performances by appropriate stimulation in a

controlled setting. On the other hand, adoptive therapies are

expensive, time-consuming, and strictly regulated by GMP require-

ments. Vc9Vd2 T cell-based immunotherapy can be gainfully

combined with therapeutic mAbs. mAbs can be administered in vivo

or used ex vivo to load activated Vc9Vd2 T cells
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clinical trial. One major difference is that the antitumor

activity of s-pAgs is entirely dependent on their ability to

activate Vc9Vd2 T cells, whereas NBPs have pleiotropic

antitumor functions. Since FPPS is an ubiquitous enzyme

and the Mev pathway is the only source of isoprenoids in

mammalian cells, it is not surprising that ZA can affect the

survival and function of many cell types other than tumor

cells. Almost all these effects are due to inhibition of FPPS

because they can be overcome by feeding cells with iso-

prenoid substrates to recover protein prenylation (reviewed

in [57]). In vitro and in vivo studies have shown that ZA

can target endothelial cells, macrophages, and fibroblasts in

the tumor bed and convert the local microenvironment

from a highly permissive partner to a tumor-hostile coun-

terpart [53, 58–61]. It thus appears more logical to prefer

NBPs in clinical trials designed to activate Vc9Vd2 T cells

in vivo so that advantage can be taken of the pleiotropic

direct and indirect antitumor activities of these compounds.

Despite these major premises and the widespread use of

NBPs in clinical practice, very few trials have specifically

investigated their antitumor activity. Even fewer are those

which have sought to determine whether Vc9Vd2 T cells

contribute to the antitumor effect induced by NBPs. For

instance, Morgan et al. have recently reported the results of

the MRC Myeloma IX Trial in which 1,960 MM patients

were randomized to receive ZA or clodronate in associa-

tion with, depending on age and other eligibility criteria,

intensive or non-intensive chemotherapy. The ZA group

displayed an increased progression-free survival and

overall survival, but no data were reported about Vc9Vd2 T

cells [62]. Credit is due to Kunzmann et al. for their pro-

vision of the first in vivo evidence that NBPs activate

Vc9Vd2 T cells [47]. They monitored the proportion of

peripheral blood Vc9Vd2 T cells in 10 patients after an

initial course pamidronate alone to treat bone disease. Four

patients (2 with MM) had an acute-phase reaction, coupled

with a substantial increase in their percentage of peripheral

blood Vc9Vd2 T cells.

The only clinical data from hematological patients about

Vc9Vd2 T cells intentionally activated in vivo with

pamidronate and IL-2 to induce antitumor activity are those

reported by Wilhelm et al. in 11 patients with B cell

lymphoma and 8 patients with MM [50]. One important

aspect of this study was the selection of patients according

to their R/NR status. In an initial series of unselected 10

patients, in fact, no activation or proliferation of Vc9Vd2 T

cells was induced by even the highest IL-2 dose, and only 1

patient achieved stable disease. In second series, 9 selected

R patients received a modified IL-2 treatment schedule.

Vc9Vd2 T cell activation was observed in 5 patients (55%),

and objective responses were achieved in 3 patients (33%).

Only patients with significant in vivo proliferation of

Vc9Vd2 T cells responded to the treatment, indicating that

this functional screening test selected those most likely to

benefit from the treatment.

The relationship between the clinical outcome and

adequate numbers of circulating Vc9Vd2 T cells has also

emerged from the clinical trials conducted in solid cancer

[63–65]. Clinical responses were correlated with both the

number of peripheral Vc9Vd2 T cells and their maturation

towards an IFN-c-producing effector phenotype that may

induce more effective antitumor responses.

BrHPP and IL-2 have also been used to intentionally

activate Vc9Vd2 T cells in vivo in association with IL-2 in

patients with advanced solid tumors [66].

An alternative approach to exploit the antitumor prop-

erties of Vc9Vd2 T cells consist in their ex vivo activation

and expansion followed by adoptive transfer to patients. Ex

vivo expansion of Vc9Vd2 T cells can be obtained by

stimulation with s-pAgs such as BrHPP and 2M3B1-PP or

Table 1 List of clinical studies in which Vc9Vd2 T cells have intentionally been activated to generate antitumor activity

Disease Patients (n) Vc9Vd2 activation Activating agent(s) Reference

NHL 11 In vivo Pamidronate ? IL-2 Wilhelm et al. [50]

MM 8 In vivo Pamidronate ? IL-2

Breast cancer 3 In vivo ZAa Dieli et al. [63]

Prostate cancer 6 In vivo ZA

Prostate cancer 9 In vivo ZA Dieli et al. [64]

Prostate cancer 9 In vivo ZA ? IL-2

Breast cancer 10 in vivo ZA ? IL-2 Meraviglia et al. [65]

Renal cell carcinoma 7 Ex vivo 2M3B1-PPb ? IL-2 Kobayashi et al. [67]

Renal cell carcinoma 10 Ex vivo BrHPPc ? IL-2 Bennouna et al. [68]

Multiple myeloma 6 Ex vivo ZA ? IL-2 Abe et al. [69]

a Zoledronic acid
b 2-methyl-3-butenyl-1-pyrophosphate
c Bromohydrin pyrophosphate (IPH1101 Phosphostim�)
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NBPs in association with IL-2. The first advantage of this

approach is that ex vivo culture provides large numbers of

Vc9Vd2 T cells which are then infused in vivo in a con-

trolled setting. In addition, this approach potentially gives

the possibility to improve the functional properties of

infused Vc9Vd2 T cells, by stimulating them properly and

relieving inhibitory signals mediated by Tregs or other

cells. On the other hand, adoptive therapies are expensive,

time-consuming, and strictly regulated by GMP require-

ments. A pilot study of adoptive immunotherapy in patients

with advanced renal cell carcinoma using autologous

Vc9Vd2 T cells activated ex vivo with 2M3B1-PP was well

tolerated and induced antitumor effects [67]. Similarly, a

clinical trial conducted in metastatic renal cell carcinoma

showed that adoptive transfer of Vc9Vd2 T cells activated

by BrHPP and IL-2 prolonged time to progression com-

pared to placebo-receiving groups of historical controls

[68]. In the hematological setting, Abe et al. have reported

the results of a phase I trial in MM patients with adoptively

transferred Vc9Vd2 T cells generated from autologous

PBMC after a 14-day ex vivo culture with ZA and high

doses IL-2 [69]. If the M protein level in the patient’s

serum remained at baseline following four intravenous

infusions, the patient underwent four more treatments at

4-week intervals. The percentages and total counts of

Vc9Vd2 T cells, particularly those of effector memory

cells, increased in the peripheral blood during treatment

and remained high in comparison with baseline for

4 weeks after treatment. A similar increase of effector

memory Vc9Vd2 T cells was also detected in the BM,

suggesting a preferential recruitment and accumulation

of these cells at the tumor site. M protein levels in the

serum remained at baseline in 4 patients and increased in

the other 2.

Future directions

The few clinical studies reported above have opened the

way to the therapeutic application of Vc9Vd2 T cells in

cancer. Even if the results have been encouraging, this

form of immunotherapy is still in its infancy and in need of

further developments. So far, the clinical outcome has been

penalized by some aspects that are common requirements

in trials exploring innovative approaches. For instance,

patients with very advanced disease and severe immune

dysfunctions have often been recruited, whereas the ideal

setting to deliver immunotherapy is represented by patients

with early-stage disease, low tumor burden, and a healthy

immune system not yet impaired by repeated treatments

and long-lasting tumor exposure. As said above, CLL and

MM and other hematological malignancies are preceded by

an indolent phase which can last for years. Immune

interventions in the premalignant phase of these disease

sound very reasonable from the immunological and ethical

points of view, given the preserved immune functions and

the lower incidence of side-effects of immunotherapy

versus conventional chemotherapy.

Many hematological malignancies are very sensitive to

chemotherapy, and achievement of a minimal residual

disease (MRD) condition is another reasonable setting to

deliver immune interventions aimed at preventing disease

recurrence which is very likely initiated by subclones with

clonogenic and chemoresistance properties. Matsui et al.

identified a MM clonogenic cell population, termed side

population (SP), which had very active intracellular drug

detoxification and efflux capacities conferring resistance

to cyclophosphamide, dexamethasone, lenadilomide and

bortezomib in vitro [70]. SP cells resistant to conventional

drugs such as fludarabine, bendamustin and rituximab have

also been identified in CLL [71]. Interestingly, SP cells

could be transiently eliminated from the peripheral blood

of CLL patients who received autologous hCD40L/IL-2

gene-modified tumor cells as part of a tumor vaccine study

[72]. A similar dissociation between sensitivity to chemo-

therapy on the one hand, and to immune effector

mechanisms on the other, has also been reported in MM.

Scheper et al. have shown that RPMI 8226 myeloma cells

resistant to doxorubicin or mitoxantrone remain sensitive

to in vitro killing by LAK or NK cells [73]. Shtil et al. have

reported that mice immunized with MPC11 myeloma cells

expressing GM-CSF and IL-12 generate cytotoxic T lym-

phocytes that kill parental and isogenic multidrug-resistant

myeloma cells via perforin/granzyme B-mediated mecha-

nisms [74]. The release of cytotoxic effector molecules,

such as perforin and granzyme, is one of the weapons that

Vc9Vd2 T cells employ to kill infected, activated or

transformed cells and they can thus be reasonably pre-

sumed capable of recognizing and killing multidrug-

resistant and clonogenic tumor cells, especially those

manipulated to become more sensitive to Vc9Vd2 T cells

[75, 76]. Indeed, Todaro et al. have shown that pretreat-

ment of colon cancer stem cells with ZA potentiates their

susceptibility to Vc9Vd2 T cell cytotoxicity [77]. This

increased effector activity was dependent on IPP accumu-

lation and TCR-mediated recognition of tumor cells.

Vc9Vd2 T cells have recently been included among the

immune effector cells playing a major role in the

achievement of MRD negativity after non-myeloablative

allogeneic transplantation in MM [78]. In seven of the nine

patients who became MRD negative, the appearance of a

new predominant Vc9Vd2 T cell clone was concomitant

with the disappearance of the tumor cell clone.

Another apparent pitfall on the roadmap to successful

Vc9Vd2 T cell-based immunotherapy is the NR status

reported in a significant percentage of patients with
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hematological malignancies. The NR status does not

automatically implies that Vc9Vd2 T cells are totally

unable to produce cytokines and exert cytotoxic activity

[6]. A dissociation between proliferation and activation of

effector functions is a common feature of innate immunity,

but NR patients are typically excluded from Vc9Vd2 T

cell-based adoptive immunotherapy trials owing to the

impossibility of increasing the number of cells and estab-

lishing a favorable effector-to-target cell ratio in vivo or ex

vivo. Besides, the NR status may not just reflect a quan-

titative defect, but a more profound immune dysfunction

provoked by the long-lasting exposure to tumor cells, such

as unbalanced Vc9Vd2 T cell subset distribution or an

excess of Treg over Vc9Vd2 T cells [6, 79]. Different

strategies to recover Vc9Vd2 T cell proliferation in NR

patients are currently under investigation and a quest for

new and more potent Vc9Vd2 T cell activators is ongoing.

Some groups have proposed to antagonize Treg cell

activity to relieve the functional inhibition of Vc9Vd2 T

cells and amplify adaptive immune response mediated by

conventional CD8? ab T cells against tumor-associated

antigens [79, 80]. We have recently shown that ZA-treated

DCs from healthy donors are more effective than mono-

cytes in activating Vc9Vd2 T cell since they are better IPP

producers [36]. In the field of solid tumors, it has recently

been shown that autologous DCs pretreated with ZA induce

expansion of Vc9Vd2 T cells in NR patients [81]. In our

laboratory, we are currently focusing on the superior ability

of ZA-treated DC to stimulate Vc9Vd2 T cells in NR

patients with hematological malignancies such as MM or

CLL.

Another line of future research which appears very

promising is the combination of old and new drugs with

Vc9Vd2 T cell immunotherapy. As reviewed above, many

of the mechanisms that regulate tumor cell recognition and

killing by Vc9Vd2 T cells have been elucidated, and

therefore it is now feasible to fine-tune these interactions to

improve their antitumor activity. Besides increasing intra-

cellular IPP concentrations in tumor cells by Mev pathway

manipulation, other approaches, not mutually exclusive,

can be set out to modulate the functional balance between

KARs and KIRs on Vc9Vd2 T cells and their interactions

with the corresponding ligands on tumor cells. For

instance, certain cytotoxic drugs such as doxorubicin,

etoposide, melphalan, bortezomib, and cisplatin increase

the expression of NKG2D ligands and other stress-induced

self molecules on dying tumor cells [82]. Other approaches

are the inhibition of soluble MIC molecules, a mechanism

exploited by tumor cells to escape NKG2D-mediated

immune recognition [83], or functionally block KIRs to tip

the balance in favor of KARs. IPH 2101 is a fully

humanized anti-KIRs mAb currently under investigation in

pre-treated high-risk MM [84]. Even if all these strategies

have been developed to enhance the effector functions of

NK cells, it is very possible that they can also be suc-

cessfully applied to Vc9Vd2 T cells.

The challenge to gainfully combine immunotherapy

with chemotherapy has been fuelled by the availability of

new drugs that stimulate rather than impair host immunity.

For instance, lenalidomide improves the effector function

of Vc9Vd2 T cells against mantle cell lymphoma [85],

while Cui et al. have shown that its association with ZA in

MM patients reverses inhibition of Vc9Vd2 T cells by BM

stromal cells [86]. Bortezomib is another drug potentially

able to improve the antitumor performance of Vc9Vd2 T

cells because it down-regulates MHC class I molecules and

up-regulates NKG2D ligands expression on MM cells [82,

87]. Epigenetic drugs such as histone deacetylase inhibitors

and DNA demethylating agents also up-regulate MICA/

MICB expression on tumor cells and enhance their sus-

ceptibility to the cytotoxic activity of NKG2D expressing

cells (reviewed in [88]).

The concurrent administration of mAbs with activated

Vc9Vd2 T cells is another strategy that can maximize the

efficacy of chemoimmunotherapy in hematological malig-

nancies. Vc9Vd2 T cells expanded in the presence of ZA

and IL-2 express CD16, which raises the possibility of

using them to boost ADCC. Tokuyama et al. have shown

that Vc9Vd2 T cells used in combination with rituximab

exert a greater cytotoxicity against CD20-positive cells in

comparison with either agent alone and this effect is

restricted to CD16? Vc9Vd2 T cells [89]. Similar results

have been reported using Vc9Vd2 T cells activated by

BrHPP and IL-2 [56]. The combination of BrHPP and

rituximab increased the ability of Vc9Vd2 T cells to bind to

CD20? cells and strongly enhanced their ADCC activity.

Similar results were obtained with alemtuzumab, another

mAb currently used in CLL. Altogether, these results

indicate that activation of Vc9Vd2 T cells with NBP or

s-pAgs can improve the efficacy of cancer immunotherapy

by therapeutic mAbs. These results have paved the way

to clinical trials in which rituximab, BrHPP and low doses

IL-2 are given to patients with follicular B cell lymphoma.

Final data on the response rate of a phase IIa trial in 45

patients relapsing after previous therapies, including at

least one rituximab-containing regimen, were presented at

the last EHA meeting [90]. The overall response rate was

45% (26% CR) suggesting a benefit for the combination of

BrHPP and rituximab versus rituximab alone. Notably,

responses were also observed in patients with unfavorable

FccR polymorphism. Vc9Vd2 T cells can also improve the

ADCC mediated by other effector cells. For instance,

Maniar et al. have shown that either adoptive transfer of in

vitro expanded Vc9Vd2 T cells or systemic injection of

Vc9Vd2 T cell-simulating agents such as ZA may improve

clinical outcome through the enhancement of direct and
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ADCC tumor killing by NK cells [9]. The next step will be

to investigate whether the novel anti-CD20 mAbs with an

increased affinity for FccR/CD16 can provide even better

results in combination with activated Vc9Vd2 T cells,

especially against tumor cells with low CD20 expression,

such as CLL cells [91, 92].

Conclusions

Vc9Vd2 T cells are able to spontaneously recognize and

kill tumor cells of hematological origin. B cell tumors are

the most susceptible diseases, but effective antitumor

activity can also be induced against many other tumor cell

types by appropriate manipulation of target cells and

activation of Vc9Vd2 T cells. Vc9Vd2 T cell-based

immunotherapy is a promising approach to combine with

conventional chemotherapy and therapeutic mAbs and

improve the clinical outcome of patients with hematolog-

ical malignancies.
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7. Burjanadzé M, Condomines M, Reme T, Quittet P, Latry P,

Lugagne C, Romagne F, Morel Y, Rossi JF, Klein B, Lu ZY

(2007) In vitro expansion of gamma delta T cells with anti-

myeloma cell activity by Phosphostim and IL-2 in patients with

multiple myeloma. Br J Haematol 139:206–216

8. Thedrez A, Sabourin C, Gertner J, Devilder MC, Allain-Maillet
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J Immunol 27:3368–3379

13. Sturm E, Braakman E, Fisch P, Vreugdenhil RJ, Sondel P,

Bolhuis RL (1990) Human Vc9-Vd2 T cell receptor-cd lym-

phocytes show specificity to Daudi Burkitt’s lymphoma cells.

J Immunol 145:3202–3208

14. Street SE, Hayakawa Y, Zhan Y, Lew AM, MacGregor D,

Jamieson AM, Diefenbach A, Yagita H, Godfrey DI, Smyth MJ

(2004) Innate immune surveillance of spontaneous B cell lym-

phomas by natural killer cells and gammadelta T cells. J Exp Med

199:879–884

15. Selin LK, Stewart S, Shen C, Mao HQ, Wilkins JA (1992)

Reactivity of cdT cells induced by the tumour cell line RPMI

8226: functional heterogeneity of clonal populations and role of

GroEL heat shock proteins. Scand J Immunol 36:107–117

16. Zheng B, Lam C, Im S, Huang G, Luk W, Lau S, Yau KS, Wong

CK, Yao K, Ng MH (2001) Distinct tumour specificity and IL-7

requirements of CD56- and CD56? subsets of human gd T Cells.

Scand J Immunol 53:40–48

17. Kato Y, Tanaka Y, Miyagawa F, Yamashita S, Minato N (2001)

Targeting of tumor cells for human cd T cells by nonpeptide

antigens. J Immunol 167:5092–5098

18. Gober HJ, Kistowska M, Angman L, Jeno P, Mori L, De Libero G

(2003) Human T cell receptor cd cells recognized endogenous

mevalonate metabolites in tumor cells. J Exp Med 19:163–168

19. Tanaka Y, Morita CT, Nieves E, Brenner MB, Bloom BR (1995)

Natural and synthetic non-peptide antigens recognized by human

gd T cells. Nature 375:155–158

20. Jomaa H, Feurle J, Luhs K, Kunzmann V, Tony HP, Herderich

M, Wilhelm M (1999) Vg9/Vd2 T cell activation induced by

bacterial low molecular mass compounds depends on the

1-deoxy-D-xylulose 5-phosphate pathway of isoprenoid biosyn-

thesis. FEMS Immunol Med Microbiol 25:371–378

21. Espinosa E, Belmant C, Pont F, Luciani B, Poupot R, Romagné F,
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