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ABSTRACT
NK cells and �� T lymphocytes display potent cytolytic
activity against leukemias and CMV-infected cells and
are thus, promising immune effector cells in the context
of allo-HSCT. NK cells express HLA class I-specific in-
hibitory receptors and preferentially kill HLA class Ilow

tumors or virus-infected cells. Killing occurs upon en-
gagement of activating NKRs with ligands that are up-
regulated on tumors and infected cells. A similar acti-
vating receptor/ligand interaction strategy is used by ��

T cells, which in addition, use their TCRs for recognition
of phosphorylated antigens and still largely undefined
ligands on tumor cells. In the haploidentical allo-HSCT
setting, alloreactive NK cells, derived from donor HSCs,
can exert potent antileukemia activity and kill residual
patient DCs and T cells, thus preventing GvHD and
graft rejection. However, generation of KIR� alloreac-
tive NK cells from HSCs requires many weeks, during
which leukemia relapses, and life-threatening infections
may occur. Importantly, mature NK cells and �� T cells
can control certain infectious agents efficiently, in par-
ticular, limit CMV reactivation, and infusion of such do-

nor cells at the time of HSCT has been implemented.
Development of novel, cell-based immunotherapies, al-
lowing improved trafficking and better targeting, will en-
dow NK cells and �� T lymphocytes with enhanced anti-
tumor activity, also making them key reagents for therapies
against solid tumors. The clinical aspects of using NK
cells and �� T lymphocytes against hematological malig-
nancies, including the allo-HSCT context, are reviewed in
the related side-by-side paper by Locatelli and col-
leagues [1]. J. Leukoc. Biol. 94: 1123–1139; 2013.

Introduction
Different effector cells are involved in immune responses against
tumors. These include �� TCR�, �� TCR�, and NK cells [2].
The anti-tumor activity of these cells is primarily related to their
ability to kill cancer cells or to secrete cytokines that may affect
tumors directly or indirectly by the recruitment/activation of
other effector cell types. In view of the proven capability of T and
NK cells to kill tumor cells, various approaches have been ad-
opted to increase their anti-tumor activity [3, 4]. In the case of
�� TCR� T cells, their ability to respond specifically to tumor
antigens has been exploited for their selective in vitro and ex vivo
expansion [5]. Thus, tumor-specific T cell populations or T cell
clones have been generated and used for adoptive immunother-
apy in cancer patients [6–8]. In addition, various protocols of
vaccination have been attempted, particularly in melanoma, in
which a number of relatively immunogenic tumor-associated anti-
gens have been identified [9]. Whereas evidence of tumor-spe-
cific responses has been clearly obtained, in most instances, the
clinical outcomes have been less positive than expected. The par-
tial clinical failure of tumor vaccines may be related, at least in
part to an ineffective homing of specific T cells to tumor lesions,
to the high tumor burden (resulting in low effector:tumor-target
ratios), and to the inhibitory effect exerted by the tumor mi-
croenvironment on T cell function [9, 10]. Several of these inhib-
itory mechanisms, mediated by tumor cells themselves and/or by
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tumor-induced immunosuppressive cells (e.g., regulatory T cells,
M2-macrophages, MDSCs, tumor-associated fibroblasts), have
been molecularly identified (e.g., PGE2, IDO-induced kynure-
nine, TGF-�, programmed death ligand 1) [11–17]. Notably, met-
ronomic use of standard chemotherapeutic agents may help re-
vert tumor-induced immunosuppression. 5-Fluorouracil was, e.g.,
shown to selectively kill MDSCs and thereby, lead to enhance-
ment of anti-tumor immune responses [18]. Nevertheless, the
genetic instability of many cancers ensures considerable intratu-
mor heterogeneity, which makes each population of malignant
cells a mosaic of different biological targets [19]. This facili-
tates the development and selection of immune escape
and/or therapy-resistant subclonal tumor variants [20].

In the case of NK cells or �� T lymphocytes—two cell types
sharing properties of innate and adaptive effector cells—their
anti-tumor activity is based on the capability of recognizing li-
gands that are primarily, if not exclusively, expressed by tumor
cells [21–25]. These include an array of ligands recognized by
NK cells via their activating receptors or coreceptors (some of
which are also recognized by �� T cells, primarily via the NKG2D
receptor) and phosphoantigens recognized by �� T cells via their
TCRs (see below). Both cell types are capable of cytokine-depen-
dent (primarily IL-2 and IL-15) proliferation, which may allow
the selective expansion of subsets displaying a more pronounced
anti-tumor activity [26]. Tumor cell killing is also regulated by
HLA class I-specific inhibitory receptors, particularly in the case
of NK cells, where KIR-mediated recognition of allotypic HLA
class I antigens is a major determinant for target-cell recognition
[27, 28]. Tumor cells may frequently display down-regulation of
HLA class I molecules, involving all class I surface molecules or
given alleles. This results in the lack of inhibitory interactions and
may greatly favor tumor cell lysis, which in the case of allelic
losses by tumor cells, is mediated preferentially by given KIR�

subsets. To exploit better the anti-tumor activity of �� T lympho-
cytes and NK cells, in vivo stimulation with appropriate ligands
and/or cytokines (e.g., IL-2 or IL-15) and adoptive transfer of ex
vivo-expanded populations have been applied in tumor immuno-
therapy [29]. Perhaps more importantly, adoptive transfer of
HSCs also gives rise to �� T cells and NK cells, including mature
KIR� alloreactive NK cells, as in the case of haploidentical allo-
HSCT to cure potentially high-risk leukemias [3, 6, 30]. In this
therapeutic context, innate immune effectors will also play critical
roles against infections, in particular, CMV reactivation [31–33].
Specifically, as donor �� T cell responses must be minimized
after haploidentical allo-HSCT, to prevent harmful GvHD, NK
cells and �� T lymphocytes may be the major antiviral effector
cell populations post-transplantation [31, 33]. Consequently,
they are crucial to limit CMV reactivation until a new, func-
tional recipient adaptive-immune system eventually develops
from the transferred HSCs [31, 33].

In this review, we will illustrate the main phenotypic and func-
tional characteristics of NK cells and �� T lymphocytes, with par-
ticular focus on aspects/properties that are relevant to their opti-
mal clinical exploitation. Clues and suggestions will be provided
for possible future implementations and improvements of clinical
protocols. In this context, it is worth noting that whereas remark-
able clinical results have been obtained in the therapy of high-
risk leukemias, results with solid tumors have been limited.

BIOLOGY AND ANTI-TUMOR ACTIVITY
OF NK CELLS AND �� T CELLS

NK cells

NK cells are an important component of the innate immune
system and play a key role in host defense by virtue of their
cytolytic activity against tumor cells and virus-infected cells and
their ability to release a number of chemokines mediating in-
flammatory responses [34–36]. NK cells were described origi-
nally four decades ago on a functional basis; the ability to kill
various tumors in a “natural fashion”, i.e., without deliberate
activation in vitro or in vivo [37]. Further studies revealed that
this anti-tumor activity was associated with a lymphoid popula-
tion displaying a typical morphology, characterized by cytoplas-
mic azurophilic granules. Accordingly, they were named LGLs.
Only in the 1980s were mAb available that recognized antigens
selectively expressed by a fraction of LGL. One antigen tar-
geted by these mAb was CD16, a low-affinity receptor allowing
NK cells to mediate ADCC, which is an important effector
function of NK cells [38–40]. As CD16 is acquired at late
stages of NK cell maturation (Fig. 1), ADCC is mainly con-
fined to the most mature NK cells with high cytolytic potential.
Notably, mature NK cells also acquire KIRs. Thus, CD16�KIR�

NK cells may play an important role, not only because of their
potential “alloreactivity” in the haploidentical allo-HSCT set-
ting (see below) but also for their ADCC activity in cancer pa-
tients treated with anti-tumor mAb. The clinical importance of
CD16-dependent, NK cell-mediated ADCC for the treatment
of cancer has indeed been demonstrated, e.g., in the context
of rituximab administration to lymphoma patients with differ-
ent CD16 polymorphisms [41].

Another relevant human NK cell marker, also useful to iden-
tify NK cell subsets endowed with different functional proper-
ties, is CD56 (Fig. 1). Indeed, the levels of CD56 surface ex-
pression correlate with stages of human peripheral NK cell
maturation and function [42, 43]. Although several NK cell
markers had been identified, the molecular mechanism by
which NK cells kill tumor cells, while sparing normal cells, re-
mained mysterious. In the late 1980s, the “missing self-hypoth-
esis” provided an important conceptual clue for subsequent
studies in human and mice that revealed the existence of
MHC class I-specific inhibitory receptors [44]. The missing
self-hypothesis was based on the observation that murine NK
cells killed MHC class I-deficient lymphoma cells, while spar-
ing the parental MHC class I� cells [45]. The prototypes of
human HLA class I-specific receptors were identified, thanks
to the production of mAb specific for two homologous surface
molecules expressed by NK cell subsets and capable of modu-
lating NK cell function [46, 47].

Missing self hypothesis: NK cells preferentially kill target cells missing
(self-) MHC class I expression.

KIRs are HLA class I-specific receptors recognizing determinants
shared by groups of HLA class I alleles. Inhibitory and activating
KIRs exist. KIRs are expressed at late stages of NK cell
differentiation.

1124 Journal of Leukocyte Biology Volume 94, December 2013 www.jleukbio.org



The human NK cell subsets, identified on the basis of the
expression of these molecules, termed p58.1 and p58.2, dif-
fered in their capability of killing normal allogeneic cells
(e.g., PHA-induced lymphoblasts) from certain individuals
[46, 47]. p58 Receptors were the prototypes of the KIRs and
found to be specific for two groups of allotypic determi-
nants expressed by HLA-C alleles, delivering inhibitory sig-
nals upon engagement with their specific HLA class I li-
gands [48 –51]. Additional members of the KIR family were
identified, including KIRs with two or three extracellular
domains (KIR2D and KIR3D, respectively) [52, 53] and acti-
vating KIRs [54]. The activating KIRs are highly homolo-
gous to the corresponding inhibitory form in the extracellu-
lar portion but are characterized by relevant differences in
their transmembrane and cytoplasmic domains [55]. Specifi-
cally, the cytoplasmic domain is short and linked to signal-
ing polypeptides mediating NK cell activation upon KIR
cross-linking with mAb or interaction with relevant HLA
class I alleles. Another important HLA class I-specific inhibi-
tory receptor is the heterodimer NKG2A/CD94, related to
C-type lectins and specific for the class Ib molecule HLA-E
[56, 57]. In an autologous setting, virtually all NK cells ex-
press at least one inhibitory receptor for self-MHC class I
alleles. The lack of expression of appropriate HLA ligands
renders cells susceptible to lysis. Whereas in an autologous
setting, the defective surface expression of HLA molecules
often reflects tumor transformation or viral infection, in an
allogeneic setting, some NK cells may express KIRs that do
not recognize the normally expressed HLA class I alleles. As
they can kill normal allogeneic cells (e.g., PHA-induced
lymphoblasts), they were defined alloreactive [27, 46 – 48,
58]. KIR2DL and CD94/NKG2A were also detected in a sub-
set of �� TCR� CTLs of some individuals, in which they
could exert an inhibitory effect on TCR-induced cytolytic
activity or lymphokine production [59, 60]. CTLs expressing

KIRs were found to be mono- or oligoclonally expanded
populations [61, 62]. More recent studies revealed that the
TCRs of these KIR� CTLs could be HLA-E-specific, with
only moderate peptide dependence [63– 65], or display
highly selective, specific reactivity against certain HLA-E-
restricted CMV-derived peptides [66].

NK cell triggering is mediated by an array of non-MHC-spe-
cific activating receptors (Fig. 2). The prototypes of such acti-
vating NKRs in humans are NKp46 [67, 68], NKp44 [69, 70],
and NKp30 [71], and these were collectively named NCRs
[72]. NKp46 is also expressed in mice and represents a useful
marker for human and murine NK cell identification. Whereas
NKp46 and NKp30 are expressed on resting and activated NK
cells, NKp44 is expressed only by cytokine-activated effector
cells.

Activating NKRs are involved in NK cell and �� T lymphocyte rec-
ognition of target cells, primarily “stressed” cells, such as tumors or
virus-infected cells. NCRs refer to the prototypes of human-activating
receptors: NKp46, NKp30, and NKp44. Together with NKG2D,
DNAM-1, and activating KIRs, NCRs play a central role in tumor
cell killing by NK cells and �� T lymphocytes.

Ligands of activating NKRs: structures expressed de novo or up-regu-
lated in stressed cells, e.g., virus-infected or transformed cells. Their
expression represents an important checkpoint in NK cell activation
and also governs �� T cell tumor targeting.

Other activating NKRs include NKG2D, DNAM-1 (CD226),
2B4 (CD244), and NKp80, which are also present on certain T
cell subsets, whereas the NTBA receptor is expressed on T and
B cells. Various ligands of activating receptors have been iden-
tified and include B7H6 [73], HLA-B-associated transcript 3
[74], and the human CMV pp65 tegument protein [75] for
NKp30 [73, 74]; ULBPs 1–6 and MICA/MICB for human
NKG2D [76]; PVR (nectin-like-5, CD155) and nectin-2
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Figure 1. NK cell subsets present in hu-
man PB. The level of CD56 surface mol-
ecules allows for distinguishing two ma-
jor, developmentally related NK cell
populations: CD56bright and CD56dim.
There is now evidence that the CD56dim

subset derives from CD56bright NK cells
and that further maturation of CD56dim

cells can be traced on the basis of the
expression of several additional mark-
ers/receptors, as depicted in this figure.
Notably, the acquisition of CD16 and
CD57 antigens corresponds to the most
mature stage(s) of differentiation, char-
acterized by a potent cytolytic activity
but low capability of proliferation. Note
that also, KIR expression occurs late
during NK cell maturation. Accordingly,
“alloreactive” (KIR�) NK cells are con-
fined to the most mature NK cell
fraction.
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(CD112) for DNAM-1 [23]; and CD48 for 2B4 [77]. NK cells
also express various TLRs, including TLR2, -3, -7, -8, and -9,
which can amplify responses mediated by activating NKRs
[78–80]. The expression of TLRs implies that NK cells can
sense and be activated rapidly by different microbial products.
In addition to receptor-mediated activation, NK cell effector
function may be induced (or amplified) by cytokines, includ-
ing IL-2, IL-15, IL-12, and IL-18. Thus, NK cell activation and
target cell lysis depend on complex interactions between in-
hibitory and activating signals delivered by surface receptors
and cytokines [81]. On the other hand, other cytokines, such
as TGF-� [82, 83] and IL-10, soluble factors, such as the IDO
metabolite kynurenine [84], and prostaglandins (PGE2) may
exert an inhibitory effect [12, 14, 82, 83, 85].

Another issue of the NK cell biology relevant to their an-
ti-tumor activity in the HSC transplantation setting is their
differentiation from HSCs. NK cells originate from CD34�

HSCs through discrete stages characterized by the progres-
sive acquisition of markers/receptors and functional charac-
teristics [86 – 89]. NK cells derive from ID2� precursors, and
their progression is regulated by transcription factors, such
as E4 promoter-binding protein 4 and thymocyte selection-
associated 3-hydroxy-3-methylglutaryl box factor [90 –92].
Interestingly, it has been shown that common granulocyte
and monocyte precursors maintain the ability to differenti-
ate in vitro toward NK cells, for example, in the presence of
steroids [93–95]. BM was originally considered the only site
of NK cell differentiation. However, recent studies revealed
that NK cell development can occur also in other tissues,
and CD34� cells isolated from several sites, including PB,
umbilical cord blood, LNs, tonsils, thymus, decidua, liver,
and intestinal lamina propria, can undergo in vitro differen-
tiation toward NK cells in the presence of appropriate cyto-

kines [96 –103]. Moreover, NK cells at different stages of
differentiation have been identified in some of these tissues
(e.g., tonsils, LNs, and decidua) [86 – 89, 99]. Thus, it is
likely that HSCs or committed precursors may migrate from
BM to the periphery, where they can differentiate toward
NK cells. Notably, CD34� cells from different sites can also
undergo differentiation toward other ILCs, including the
poorly cytotoxic “NK22”, LTi, and natural helper cells
[104]; whether these cells arise from precursors common to
NK cells or rather from still-undefined committed precursors
existing in the CD34� cell fraction remains to be defined and
is presently under investigation (E. Montaldo and C. Romag-
nani, personal communication). In addition, it would be inter-
esting to investigate whether and how these ILCs are gener-
ated from HSCs after transplantation. This information
will be particularly important for LTi in view of their role in
lymphoid tissue generation from donor CD34� cells, as well as
for the NK22 cells, in view of their role in the innate defenses
against intestinal pathogens/maintenance of mucosal integrity
[105].

ILCs are an emerging family of NK cell-related innate cells derived
from HSCs under the influence of specific transcription factors, such
as ROR�, GATA3, ID2, or ROR�t. ILCs appear to play different
functions, including LTi, defense against extracellular parasites
(natural helper), epithelial homeostasis, and intestinal immunity
(NK22).

Streoids induce preferential and rapid differentiation of CD34� precur-
sors toward NK cells in vitro. Clinical question: is there any clinical
evidence that steroid treatment accelerates the appearance (and the matu-
ration) of NK cells in the PB of patients receiving allo-HSCT?
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Figure 2. Human NK cells and
�� T lymphocytes. This figure
highlights the main receptors
involved in the activation of these
effector cells and lists the corre-
sponding ligands. Some of these
ligands are expressed preferen-
tially in tumor/leukemia cells,
and their recognition by NK cells
or �� T lymphocytes leads to im-
mune cell activation and/or tar-
get cell lysis. These mechanisms
of recognition/activation are all
important for the antileukemic
activity of these effector cells.
Gray represents receptors that
are expressed (or selectively in-
duced) on only a limited subset
of the cells, whereas black repre-
sents receptors that are constitu-
tively expressed on most of the
cells. aKIR, activating KIR.
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�� T cells
The evolutionary advent of somatic recombination generated
three types of variable region molecules: the BCR and two
types of TCRs—�� and ��. Despite being endowed with great
potential for diversification, the �� TCR repertoires tend to be
restricted and are often oligoclonal in various murine tissues
[106]. Human circulating �� T cells, which account for 1–10%
of PBLs, are polyclonal but frequently express TCRs composed
of V�9 and V�2 chains. By contrast, the majority of tissue-asso-
ciated human �� T cells expresses V�1� TCRs, which are also
found in 5–30% of circulating �� T cells [106]. The functional
parallel between �� T cells and NK cells was evident in ge-
nome-wide expression analyses, comparing the transcriptional
profiles of activated human V�9V�2 T cell lines and NK cells
[107].

On the genomic level, �� T cells have potential for an extraordinary
degree of �� TCR diversity based on somatic recombination. This
notwithstanding, the selected �� TCR repertoires tend to be quite re-
stricted and are often oligoclonal in specific tissues.

Human �� T cells account for 1–10% of the PBLs, where the ma-
jority expresses TCRs composed of V�9 and V�2 chains. By contrast,
most of tissue-associated human �� T cells express V�1� TCRs.

The functional properties of �� T cells make them promis-
ing players in cancer immunotherapy; they rapidly produce
large amounts of IFN-� and TNF-�, while being strongly cyto-
toxic as a result of the expression of perforin, granzymes, and
death receptor ligands (Fas ligand, tumor necrosis factor-re-
lated apoptosis-inducing ligand) [106]. Like NK cells, but un-
like �� T cells, �� T cells do not recognize antigens in the
context of MHC molecules, thus bypassing tumor immune eva-
sion mechanisms based on MHC class I down-regulation.

It is known, since the mid-1990s, that the major �� T cell
subset in the human PB—V�9V�2 T cells—is uniquely acti-
vated by nonpeptidic prenylpyrophosphate moieties (“phos-
phoantigens”), such as IPP (reviewed in ref. [108]. Given that
the production of IPP, as an intermediate of the mevalonate
pathway of isoprenoid biosynthesis, can increase significantly
upon malignant transformation, it could potentially act as a
“tumor-associated antigen” for V�9V�2 T cells [109]. Further-
more, as the reactivity to phosphoantigens could be abolished
with anti-TCR-blocking antibodies and conferred by V�9V�2
TCR gene transfer [110], they were postulated to act as
V�9V�2 TCR ligands. However, no direct binding could be
demonstrated between the V�9V�2 TCRs and phophoantigens,
including those of microbial origin, such as HMBPP, which
possess much higher bioactivity than IPP [111]. This issue was
resolved recently with the identification of BTN3A1 as the
phosphoantigen-presenting molecule [112]. IPP and HMBPP
were shown to bind in a small cleft in the distal V-like domain
of BTN3A1, which established cognate interactions with solu-
ble V�9V�2 TCRs [112]. These results contrasted with those of
Scotet and collaborators [113], who failed to detect cognate
interactions between BTN3A1 and V�9V�2 TCRs and instead
proposed that phosphoantigens interacted with the cytoplas-

mic domain of BTN3A1 to induce conformational changes
and/or clustering of BTN3A1 in target cells.

Phosphoantigens (prenylpyrophosphates) are well-known to activate
specifically the major �� T cell subset in the human PB, which ex-
presses V�9V�2 TCRs. These have been shown recently to bind phos-
phoantigens presented by BTN3A1, a ubiquitously expressed, non-
polymorphic, Ig-like protein. Various ligands recognized by individual
V�2� T cell clones have also been described, but these have not repre-
sented frequent TCR specificities that are readily identifiable in multi-
ple individuals. The cognate ligands for the TCRs of most V�2� T
cells thus remain elusive.

Beyond the �� TCRs, the recognition of target cells by �� T
cells is (as for NK cells) often dependent on multimolecular
stress signatures involving diverse costimulatory ligands (Fig. 2).
Many typical NKRs, e.g., NKG2D, CD94/NKG2A, CD94/
NKG2C, DNAM-1, Ig-like transcript 2, CD161, KIR2DL1–3,
NKp30, and NKp44, can be expressed by �� T cells and can
regulate their activities [26, 111, 114–117].

Various studies have emphasized the unique contribution of
NKG2D to �� T cell-mediated tumor immunosurveillance in
mice and humans. NKG2D ligands are not expressed by most
normal tissues but are up-regulated in many tumor cell types,
as well as virus- or bacteria-infected cells [114, 118–120]. In
mice, Rae, murine ULBP-like transcript, and H-60 proteins are
indeed critical, stress-induced molecules acting as ligands for
NKG2D [120]. Mice lacking �� T cells were highly susceptible
to multiple regimens of cutaneous carcinogenesis, and this
susceptibility was regulated by NKG2D expressed on �� T cells
[121]. Murine �� T cells responded rapidly in vivo to the
NKG2D ligand Rae-1 [122], which is strongly up-regulated
upon carcinogenesis [121]. Moreover, the sustained expression
of transgenic Rae-1 impaired T cell cytotoxicity and strongly
interfered with tumor immunosurveillance [123]. Of note,
NKG2D-deficient mice showed impaired immunosurveillance
of epithelial and lymphoid malignancies in two transgenic
models of de novo carcinogenesis [124].

In humans, the NKG2D ligands ULBP1, ULBP2, ULBP3,
and ULBP4 have all been implicated in tumor cell recognition
by �� T cells. ULBP1 was abundant in susceptible hematologi-
cal tumor cell lines [125] and was required for leukemia/lym-
phoma cell recognition by V�9V�2 T cells [126]. Furthermore,
ectopic expression of ULBP4 in ovarian and colon carcinoma
cells triggered V�9V�2 T cell cytotoxicity against these solid
tumors [127]. On the other hand, patient-derived V�1� T cells
recognized ULBP2 and ULBP3, expressed on B-CLL and non-
Hodgkin lymphoma tumor cells [128, 129]. These data make a
strong case for NKG2D as a major determinant of tumor cell
recognition by human �� T cells, not least in the context of
leukemias [117].

Another activating receptor implicated in tumor cell recogni-
tion by NK cells and �� T cells is DNAM-1 [23, 115, 130–135].
DNAM-1 ligands PVR and nectin-2 are expressed on various
types of carcinomas, and the interactions between DNAM-1
and PVR regulated �� T cell recognition of hepatocellular car-
cinoma cell lines [115]. Among hematological cancers,
DNAM-1 ligands are expressed by blasts from patients with,
e.g., myelodysplastic syndrome, multiple myeloma, and AML
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and regulated tumor killing by NK cells and �� T cells [130,
133, 136, 137]. Specifically, V�9V�2 T cells efficiently killed
AML blasts in vitro, triggered by a combination of TCR and
DNAM-1 signals, which translated into enhanced survival of
leukemic mice in a xenotransplantation model of AML [130].
Recently, DNAM-1 signaling in murine NK and T cells was also
shown to govern their ability to induce regression of spontane-
ous early-stage B cell tumors [138].

Correia et al. [26] have recently characterized a V�1� T cell
population capable of targeting hematological tumor cell lines
and primary B-CLL cells that were resistant to fully activated
V�9V�2 T cells. It was shown that this V�1� subset owes its
specialized killer function to the induced expression of the
NCRs NKp30 and NKp44, which had been regarded previously
as NK cell-specific markers [139]. Although neither V�1� nor
V�2� T cells express NCRs constitutively, these can be up-regu-
lated selectively in V�1� T cells by AKT-dependent signals pro-
vided synergistically by �-chain cytokines (IL-2 or IL-15) and
TCR stimulation [26]. This observation provides a link be-
tween the two types of receptor signals, with NCR induction in
V�1� T cells induced “downstream” of TCR activation. NKp30
and NKp44 are functional in NCR� V�1� T cells and contrib-
ute nonredundantly to enhanced targeting of lymphocytic
leukemia cells, with NKp30 playing the major role in this
process [26].

Several different subsets of �� T cells also express CD16 and
mediate ADCC [140–142], which provides a solid rationale for
treatment regimens combining distribution of anti-tumor mAb
with agents activating �� T cells in vivo (e.g., phosphoanti-
gens) or adoptive transfer of ex vivo-expanded �� T cells in
cancer patients [143, 144].

�� T cells express multiple activating NKRs and can recognize various
types of tumor cells via these and their TCRs. �� T cells can also express
functionally inhibitory NKRs, such as CD94/NKG2A and KIRs.

The evidence for human �� T cell targeting of a variety of
tumor types in vitro (and in vivo in xenograft models) has
been upheld by seminal studies with animal models that have
clearly demonstrated that the genetic absence of �� T cells
renders mice significantly more susceptible to transgenic
[145], chemically induced [121], transplantable [146], and
spontaneous [147] tumors in vivo. This global knowledge of
the anti-tumor properties of �� T cells has fueled various clini-
cal efforts. Phase I and II studies have thus been performed to
test the safety and efficacy of �� T cell-based immunotherapy
in patients with advanced malignant disease, refractory to con-
ventional treatments, as reviewed elsewhere [148, 149].

The expression of CD94/NKG2A receptors, functionally inhibiting
cells upon interaction with HLA-E, may prevent NK cell alloreactiv-
ity. Clinical question: is there any evidence that increased expression
levels of CD94/NKG2A (or any other inhibitory NKR) on �� T cells
may negatively correlate with the clinical outcome in cancer patients?

allo-HSCT FOR LEUKEMIA TREATMENT

Allogeneic HSCT is the preferred treatment for a variety of
high-risk or relapsed leukemias [150–153]. However, most

(�75%) patients lack a HLA-matched sibling and thus, require
an alternative donor [154]. Although a HLA-matched, unre-
lated donor can be found in �40% of patients, the use of
readily available, haploidentical-related donors, i.e., first-degree
relatives who share one haplotype with the patient, while be-
ing fully or largely mismatched for the other HLA alleles, has
been implemented successfully [30, 154–156].

T cell-mediated GvHRs, following allo-HSCT, results in potent thera-
peutic opportunities as well as potentially severe side-effects. GvHRs
exert multiple beneficial functions in the haploidentical allo-HSCT
setting. They reduce the risk of graft rejection/improve engraftment by
(1) promoting cytokine production by donor T cells and (2) underly-
ing killing of residual host T cells. Moreover, GvHRs efficiently elimi-
nate residual leukemia blasts directly. The later activity, i.e., the GvL
effect, is considered the most important type of GvHR for the cure of
high-risk blood cancers. However, as most �� T cells responsible for
the beneficial GvHRs are not tumor-specific but are activated by ubiq-
uitous �� TCR-HLA interactions, they also react against normal
tissues and may thereby cause life-threatening GvHD.

On the contrary, �� T cells and alloreactive NK cells, via their trig-
gering receptors, recognize and are activated by ligands that are pref-
erentially expressed by tumor cells but not by normal tissues (with the
exception of hematopoietic cells). Thus, these innate effector cells do
not cause GvHD, whereas they kill the patient’s leukemia cells, as
well as DCs and T cells and thereby, further prevent graft rejection
and GvHD mediated by the few contaminating donor �� T cells.

Haploidentical allo-HSCT using T cell-replete grafts presents
major risks associated with GvHD, which may be counteracted
partially by post-transplantation prophylactic treatment with,
e.g., mycophenolate mofetil plus a calcineurin inhibitor (i.e.,
tacrolimus or cyclosporine) and cyclophosphamide [157, 158]
or methotrexate [159]. Rapamycin and various cell-based ther-
apies are also being tested as novel strategies for GvHD pre-
vention. Regrettably, the administration of immunosuppressive
agents post-transplantation was associated with an increased
risk of leukemia relapse [160].

The principal mediators of GvHD after haploidentical allo-
HSCT are donor-derived alloreactive �� T cells targeting the
mismatched HLA molecules. To avoid GvHD, transplants were
thus based on purified CD34� HSCs. The poor engraftment
obtained initially was tackled by transferring megadoses of pu-
rified CD34� cells [155, 156, 161]. Under this transplantation
setting (that did not require subsequent pharmacological
GvHD prophylaxis), the engraftment rate was �90%, whereas
the incidence of Grade II–IV GvHD was �10% [30, 155, 156].
Subsequent clinical trials using megadoses of purified CD34�

cells confirmed a high engraftment rate and a low occurrence
of GvHD in adult patients with AML or myelodysplastic syn-
dromes.

As the same �� T cells that cause GvHD also play a major
role in the GvL effect, leukemia relapses were expected in
most patients receiving purified CD34� cells. On the contrary,
a subgroup of AML patients was characterized by long-term
survival and very low risk of relapses. A strong correlation was
found between lack of leukemia relapses and the presence,
in the donor, of NK cells alloreactive toward patient target
cells [30].
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Alloreactive NK cells were described over 20 years ago [46,
47, 58, 162], when killing of allogeneic lymphoblasts was asso-
ciated with subsets characterized by the expression or lack of
expression of novel surface molecules [46, 47], subsequently
identified as HLA class I-specific KIRs [27, 48, 49, 163, 164].
Although transplantation of megadoses of CD34� cells in pa-
tients with high-risk AML was undoubtedly a major break-
through, it suffered from relevant limitations, such as the slow
immune reconstitution and the risk of infections and early re-
lapses. A likely explanation for the latter problem is the con-
siderable time period required for generation of KIR� allore-
active NK cells (6–8 weeks). In an attempt to overcome some
of these limitations, CD3-depleted grafts, rather than purified
CD34� cells, were used [165]. To limit viral-driven malignant
growth of B cells and/or B cell-driven GvHD under the T cell-
depleted conditions, CD19� cells were also routinely elimi-
nated from the graft before transplantation [166, 167]. These
protocols allowed retention of NK cells as well as monocytes
and DCs in the graft and also supported engraftment after re-
duced-intensity conditioning regimens [168]. This notwith-
standing, these transplants were still associated with slow im-
mune reconstitution and infectious complications [169]. A po-
tential factor contributing to this could be that the recipients,
in addition to conditioning fludarabine, thiotepa, and mel-
phalan, received daily injections of the anti-CD3 mAb OKT-3,
from 5 days before the transplant until 2 weeks post-transplan-
tation, to deplete remaining T cells in vivo [170]. In addition,
mycophenolate mofetil was used as post-transplantation immu-
nosuppression when the T cell content in the graft was �5 �
104 CD3� cells/kg [170]. Selective depletion of or induction
of anergy in the alloreactive T lymphocytes, as well as adoptive
transfer of pathogen-specific T cell populations, has been de-
veloped to offer refined ways to target infections, without in-
creasing the risk of GvHD [171–174].

A valuable strategy to improve further the clinical outcome
in haploidentical allo-HSCT is to use protocols that preserve
not only NK cells but also �� T cells in grafts. This can be
achieved by depleting �� TCR� T cells (and CD19� B cells)
specifically [175–177]. The rationale for this “TCR-��/CD19-
depletion protocol” comes from early clinical studies that re-
ported better disease-free and overall survival, in the absence
of exacerbated GvHD, in acute leukemia patients developing
unusually high counts of �� T cells after receiving partial HLA-
mismatched allo-HSCT [178]. Notably, such �� T cell expan-
sions were observed preferentially when the �� T cells had
been left in the graft, i.e., when anti-�� TCR antibodies
(rather than anti-CD3 antibodies) were used for T cell-deple-
tion [178]. In this transplantation setting, CD34� HSCs are
given, together with fresh, mature NK cells and �� TCR� T
cells. It is important to stress that patients given such allo-
grafts, depleted of �� T cells and B lymphocytes, normally do
not receive any type of pharmacological immunosuppression
after the HSCT. This protocol thereby makes it possible to
provide functional �� T cells and alloreactive NK cells that
may exert their antileukemia activity soon after transplanta-
tion, thus lowering the risk of rapid leukemia relapses occur-
ring in cases of partial responses to the conditioning regimen
and/or in rapidly proliferating leukemias. The subsequent

generation of alloreactive NK cells from grafted HSCs assures
a late and more-durable protection, as suggested by the detec-
tion of donor-derived alloreactive NK cell subsets, months or
even years after transplantation in patients transplanted with
CD34� cells alone [179].

Allogeneic HSCT is a potentially curative treatment for various he-
matological malignancies, but the slow immune reconstitution after
haploidentical allo-HSCT has led to high risk of detrimental infec-
tions. Notably, acute leukemia patients that spontaneously developed
atypically high levels of V�1� T cells after allo-HSCT exhibited en-
hanced disease-free and overall survival.

Preliminary clinical data available from HSCT patients that
received TCR-��/CD19-depleted haploidentical grafts clearly
show that this approach leads to low incidence of GvHD that
furthermore, is restricted to the skin and thus, does not affect
the gut or liver. It is conceivable that the immediate availabil-
ity of donor-derived, mature NK cells and �� T lymphocytes in
the graft mediate prompts elimination of the recipient’s hema-
topoietic cells (including DCs) and thus, further limits hyper-
acute and acute GvHD, which is of course already largely pre-
vented by the physical removal of the �� T cells, the principal
effectors driving this complication. Importantly, this translates
into a prevention of transplantation-related mortality. Longer
follow-up is needed to fully understand the impact of this type
of graft manipulation on the risk of leukemia recurrence and
patient survival (F. Locatelli, personal communication).

Clinical questions: were the high levels of �� T cells, established
long after allo-HSCT, the cause and/or an effect of the beneficial
clinical antileukemia response in the patients? By what mechanism
does the presence of �� T cells in the graft promote the development of
high levels of V�1� T cells long after allo-HSCT? Will certain sub-
sets of unmanipulated �� T cells preferentially undergo homeostatic
proliferation when infused as part of a graft devoid of �� T cells
and B cells?

NK CELL ALLOREACTIVITY AND DONOR
SELECTION IN ALLOGENEIC HSCT

Alloreactive NK cells have been shown to play a fundamental
role in the favorable clinical outcome of patients receiving
haploidentical allo-HSCT to treat high-risk leukemias, primar-
ily in adults with AML and in pediatric ALL patients. There-
fore, phenotypic identification of the alloreactive NK cell sub-
set and assessment of the NK cytotoxicity against leukemic
cells represent important criteria in donor selection. Certain
inhibitory or activating KIRs have been shown to play a central
role in determining NK cell alloreactivity. Particularly impor-
tant are the inhibitory KIR2DL1 and -2/3, specific for two dis-
tinct allelic determinants expressed by two groups of HLA-C
alleles, and also, the three Ig-like domain receptors (KIR3D),
recognizing a group of HLA-B and HLA-A alleles sharing the
HLA-Bw4 supertypic specificity. Among the activating KIRs, the
specificity for HLA class I molecules has been clearly estab-
lished only for KIR2DS1 and KIR2DS4. KIR2DS1 has been
shown to play an important role in mediating alloreactivity
[179, 180]. KIR2DS1 recognizes the C2 specificity, and thanks
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to the potent activating signal delivered, it may also overcome
the KIR2DL2/3 or the CD94/NKG2A-mediated inhibition [80]
and result in efficient killing of C2/C2 leukemic cells [179].
Therefore, the detection of KIR2DS1 may reveal NK cells with
potent alloreactivity and enable a more accurate definition of
the size of the alloreactive NK cell subset [28, 179].

A major obstacle in the discrimination between KIR2DL and
the corresponding KIR2DS is their high degree of homology.
However, recently, mAb capable of discriminating between
activating and inhibitory KIRs became available, thus allowing
identification of KIR2DS1� NK cells [181]. This possibility is
particularly relevant in the case of pediatric ALL, which ex-
press higher levels of HLA class I molecules than AML blasts.
Remarkably, the presence of activating KIRs can also be re-
vealed by the analysis of the KIR genotype. In addition, the
cytolytic activity of alternative donors’ NK cells should be as-
sessed against the patient’s leukemic blasts or selected EBV B
cell lines to select the donor with the best alloreactivity. It is of
note that a direct correlation generally exists between the
degree of cytolytic activity and the size of the alloreactive
populations.

As alloreactive NK cells derive from haploidentical donor
HSCs, it is important to verify whether they are generated in
the patient and whether they acquire the expected effector
function. It is now well established, in adults and in pediatric
patients, that functional alloreactive NK cell subsets consis-
tently develop and can be detected even years after transplan-
tation [179]. Moreover, a correlation could be clearly estab-
lished between the size of the alloreactive subset and the clini-
cal outcome.

Clinical question: why do not alloreactive NK cells cause GvHD in
spite of the KIR/HLA mismatch?

An interesting question is why alloreactive NK cells attack
leukemic cells but not normal tissues of the recipient. In this
context, early evidence suggested that NK cells predominantly
kill hematopoietic cells, while sparing tissues that are common
targets of T cell-mediated GvHD [182–184]. More recent ani-
mal studies unequivocally confirmed that alloreactive NK cells
can mediate GvL effects but not GvHD [30]. In this murine
model, the authors also showed that alloreactive NK cells kill
host DCs, thus reducing the risk of GvHD, as well as residual
host T cells, thus preventing graft rejection. As the ligands rec-
ognized by activating NKRs are expressed or up-regulated in
tissues of different histotypes only upon cell stress, tumor
transformation, or viral infection, this may provide the molecu-
lar basis to explain the inability of NK cells to attack normal
tissues (with the exception of the hematopoietic cells that con-
stitutively express such ligands).

Recent reports have suggested a novel approach for do-
nor selection only based on the KIR genotypic analysis. In
particular, it was found that the selection of donors with the
B haplotype (containing various genes coding for activating
KIRs) correlates with a better overall and relapse-free sur-
vival, suggesting that the presence of genes for activating
KIRs (particularly those located in the centromeric portion)
is, per se, a favorable prognostic element [185]. The main

criteria adopted by our group in the selection of haploiden-
tical donors are summarized in Table 1. Whereas in our ex-
perience, the presence and the size of the alloreactive NK
cell population remain the most relevant for donor selec-
tion, additional criteria may be of help for further improve-
ment. Such criteria may be crucial when no alloreactive NK
cells can be identified.

Clinical question: why have some studies failed to confirm the clini-
cal impact of the presence of donor NK cell alloreactivity in the con-
text of haploidentical allo-HSCT?

The advent of CD3/CD19-depletion HSCT protocols were
largely based on the retention of mature NK cells in the graft.
As discussed above, the novel TCR-��/CD19-depletion proto-
col, also preserving �� T lymphocytes in the graft, may im-
prove immune reconstitution further and provide early protec-
tion against pathogens and leukemia relapse.

NATURAL AND THERAPEUTIC ROLES OF
�� T CELLS IN THE CONTEXT OF
ALLOGENEIC HSCT

The fact that �� T cells, in contrast to �� T cells, are not re-
stricted by MHC molecules makes them unlikely to elicit
GvHD, based on HLA alloreactivity [186]. This feature, in
combination with the potent antiviral, by targeting, e.g., CMV-
infected cells, and anti-tumor functions, makes �� T cells valu-
able, potential immune effector cells during the lymphopenic
post-transplantation phase. Cell-based immunotherapy for lym-
phoid malignancies has also gained increasing attention, as
patients develop resistance to conventional treatments. Nota-
bly, similar to NK cells, the spontaneous and cytokine-induced
anti-tumor activities of �� T cells appear more prominent
against hematological cancers than other types of malignancies
[24, 147, 148, 187]. There may be common reasons for why
these two types of innate effector cells are particularly reactive
against leukemia. First, myeloid and B cell lineage cancers may
exhibit features of professional APCs, ensuring strong interac-
tions with cells of innate and adaptive immunity. In addition,
different from solid tumors, the single-cell nature of leukemias
may greatly facilitate their elimination by immune cells. In-
deed, the fact that effector cells do not need to infiltrate a
solid tumor facilitates target-cell accessibility in blood cancers.

TABLE 1. Donor Selection Criteria in Haploidentical
allo-HSCT

Presence of NK cell alloreactivity
Larger size of the alloreactive NK cell subset
Presence of KIR2DS1 in the case of the C2 patient
KIR genotype: B/x better than A/A
Mother better than father
Higher B content score
Higher percentage of NK cells

When alternative haploidentical donors are available, the features
listed correlate with a better clinical outcome and may allow optimal
donor selection.
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As underlined in Introduction, the tumor microenvironment
in solid tumors may contain high concentrations of factors in-
hibiting lymphocyte proliferation and effector function. This
inhibitory effect may be less relevant in leukemia as a result of
a more disperse distribution of cancer cells, with consequent
lower concentration of inhibitory factors. The response to
chemo- and radiotherapy of the conditioning regimen also
results frequently in low tumor burden, which greatly facili-
tates the efficient intervention of alloreactive NK cells against
blood cancers. In line with this, the strong benefit of KIR
ligand-mismatched allo-HSCT, seen in high-risk leukemias, has
not translated to equally successful results with solid tumors
[30, 188].

Among the �� T cells, there is a unique and direct explana-
tion for the preferential targeting of hematological cancers
for the V�9V�2 subset [189, 190]. The phosphoantigens trig-
gering the V�9V�2 T cells can be induced to accumulate in
various types of tumors by targeting of the mevalonate pathway
[109, 191]. However, it is primarily hematological tumor cells,
in particular, malignant B cells, that naturally produce suffi-
cient endogenous amounts of phosphoantigens to activate rest-
ing V�9V�2 T cells [24]. As the major �� T cell subset in cir-
culation, further readily expandable in vitro and in vivo,
V�9V�2 T cells have, so far, been the focus of clinical trials
exploiting �� T cells for the treatment of cancer. These cells
indeed showed most-promising results in the treatment of he-
matological cancers [24, 148, 187].

Notably, most hematopoietic cancer cells also express vari-
ous stress-induced molecules, acting as ligands for activating
receptors, present not only in NK cells but also in �� T cells
[126, 192–194]. The resulting uncertainty around the relative
contributions of the �� TCRs and NKRs to tumor cell target-
ing by �� T cells has been reviewed recently in detail [117].
Also, V�1� T cells are highly promising as an effector popula-
tion for cancer immunotherapy, particularly in adoptive cell
therapy protocols. V�1� T cells are usually the most abundant
�� T cell subset in tumor infiltrates [194–198]; for example,
V�1� T cells were the dominant tumor-infiltrating T cell popu-
lation in a collection of 74 cutaneous melanomas and dis-
played enhanced anti-tumor cytotoxicity compared with their
V�9V�2 counterparts [197]. Moreover, the capacity to express
NCRs that increase their capacity to kill hematological [26]
and solid (unpublished data) tumor cells is unique to the
V�1� subset. This feature made V�1� T cells superior to the
corresponding autologous V�9V�2 T cells in killing primary
leukemia blasts [26].

In the specific case of allo-HSCT for leukemia treatment, the
use of allogeneic donor-derived effector cells greatly facilitates
implementation of protocols based on V�1� T cells. Importantly,
the predominant subpopulation that expanded and correlated
with enhanced survival of leukemia patients developing high lev-
els of �� T cells after receiving allo-HSCT was V�1� T cells [178].
Further studies showed that the underlying mechanism for this
selective expansion was likely that donor-derived
V�1�CD4�CD8� T cells proliferated spontaneously in response
to recipient primary ALL blasts that they then lysed [199].

The receptor expression and functional capacity of ex vivo-expanded
V�1� T cells are highly plastic. NCR� V�1� effector cells, which
exhibit enhanced anti-tumor activity against primary B-CLL blasts,
require AKT-dependent signals, provided synergistically by V�1�

TCR stimulation and IL-2/IL-15 signals.

Clinical questions: will unmanipulated V�1� T cells, infused as
part of TCR-��/CD19-depleted grafts, gain NCR expression in vivo?
Can we make more HSCT patients establish high levels of V�1� T
cells long-term by specifically depleting only the �� TCR� T cells
(and CD19� B cells) from the grafts and/or use adoptive immuno-
therapy with specific subtypes of fresh or ex vivo expanded ��T cells?
Will high V�1� T cell frequencies generated under such circum-
stances still correlate with/translate to an enhanced survival?

NK CELLS IN CMV INFECTION

It is well-known that CMV infections, by different mechanisms,
inhibit the expression of MHC class I molecules in infected
cells [200]. Whereas this is viewed as an escape mechanism
from CTL-mediated control, infected cells become potentially
susceptible to NK cells. Thus, in CMV infections, NK cells may
represent the most relevant effectors for host defenses. In ad-
dition, other features suggest a primary role of NK cells in de-
fense against CMV, both in mice and in humans.

In mice, during the course of CMV infection, a population
of Ly49H� NK cells expands and is responsible for disease
clearance through the induction of a “memory-like NK cell
response” [201, 202]. NK cells expressing the activating recep-
tor Ly49H persist in high numbers after CMV infection. More
importantly, this response is driven by the interaction of
Ly49H with the viral protein m157 [201, 203]. Similarly, hu-
man CMV has been reported to induce, in healthy individuals
and in patients with different pathological conditions, the ex-
pansion of a NK cell subset displaying high surface levels of
the HLA-E-specific CD94/NKG2C-activating receptor [204–
207]. NK cells expressing the NKG2C-activating receptor un-
dergo preferential expansion when cocultured with CMV-in-
fected fibroblasts. Moreover, NKG2C� NK cells are present in
high percentages in seropositive but not in seronegative indi-
viduals. Remarkably, the expanded NKG2C� NK cell subset in
CMV� individuals has the features of a mature NK cell pheno-
type, being mostly KIR�NKG2A� [204–207] (Fig. 1). Their
phenotypic signature is also characterized by the down-regula-
tion of the non-HLA-specific inhibitory receptor p75/adhesion
receptor molecule 1 (or Siglec-7) [208, 209]. These cells ap-
pear to be fully competent in terms of cytolytic activity and
cytokine production. Thus, an emerging concept is that CMV
infection may also shape the NKR repertoire, favoring the
preferential expansion of memory-like KIR�NKG2C�Siglec-7�

NK cells and their persistence over time.
It is conceivable that similar to murine Ly49H� NK cells,

human KIR�NKG2C� NK cells may also be responsible for
virus clearance. In this context, a NK cell subpopulation with
this phenotype was detected recently in a SCID patient with a
JAK3 deficiency displaying an unusual T� NK� B� phenotype
[210]. The absence of detectable CMV DNA in this CMV� pa-
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tient could be the result of a successful control of CMV infec-
tion by NK cells. A role for NKG2C� NK cells in the resolu-
tion of CMV infection has also been suggested in another T
cell-deficient patient (carrying an IL-7R �-chain mutation)
[32]. These case reports further suggest that NKG2C� NK
cells can control CMV infection in the absence of T cells [32].

In patients undergoing HSCT, two different studies showed
that CMV reactivation was accompanied by the appearance of a
mature NK cell phenotype characterized by a rapid increase in
CD56dim NK cells expressing the KIR�NKG2C�NKG2A�Siglec-
7�CD57� signature (Fig. 1). Increased proportions of these NK
cells persisted and even increased 1 year after HSCT in patients
who reactivated CMV but not in those with no CMV reactivation
[208, 211]. Thus, CMV appears to sharply accelerate the process
of NK cell maturation from HSCs. Notably, in the case of KIR-
mismatched haploidentical allo-HSCT, this phenomenon may be
of particular benefit, as it results in rapid expansion of alloreac-
tive NK cells (characterized by the KIR�NKG2A� phenotype).
Thus, CMV-induced NK cells with a memory-like surface pheno-
type may contribute not only to the control of virus infection but
also to the protection from leukemia relapses after HSCT.

It remains unclear whether the expansion of NKG2C� NK cells is
driven through interaction with HLA-E. Notably, the expression of
HLA-E is stabilized by the signal peptide of the CMV UL40 protein,
accompanied by the CMV-induced down-regulation of classical HLA
class I molecules.

NKG2C might be the receptor for recognition of CMV-infected cells.
Clinical questions: what happens in the cured individuals that have
homozygous mutations of the NKG2C gene, causing loss of function?
Is the NKR repertoire and NK cell maturation as in the case of
NKG2C� individuals?

V�1� T CELLS DISPLAY POTENT
ANTI-CMV ACTIVITY

Therapies focused on providing anti-tumor V�1� T cells are
likely to have added benefits, by tackling CMV reactivation and
associated post-HSCT mortality, given the strong antiviral re-
sponses mounted by V�1� T cells. Seminal work by Déchanet
and colleagues [212] demonstrated that V�1� T cells, as well
as the minor V�3� T cell population, are endowed with potent
anti-CMV activity [213]. This work was performed largely on
renal allograft recipients suffering from CMV infection. V�2�

�� T cells showed a specific, dramatic, and long-lasting (�1
year) expansion in the PB of CMV-infected individuals [212,
214]. Moreover, �� T cell expansion was concomitant with the
resolution of CMV infection/disease, regardless of the CMV
serologic status of donor and recipient before transplantation
[215]. Critically, V�1� T cells were able to kill CMV-infected
target cells and limit CMV propagation in vitro [213]. Al-
though pathogen-derived antigens or stress-induced self-mole-
cules (up-regulated on, e.g., infection or malignant transfor-
mation) are likely involved in the recognition of CMV-infected
cells by V�1� T lymphocytes, the molecular determinants gov-
erning this reactivity vary between effector populations, and
the overall surface receptor profile that mediates CMV recog-

nition remains quite elusive [33, 213, 216]. The CMV-induced
V�2� �� T cells were also reactive against epithelial tumor
cells and shown to be protective against cancer in xenograft
mouse models and also associated with reduced cancer risk in
kidney transplant patients [217–219].

These findings were extended recently to the allo-HSCT set-
ting. Significant long-term expansions of V�1� T cells (but not
V�2� T cells) were observed during CMV reactivation early
after HSCT, and V�1� T cell lines generated from CMV� do-
nors lysed CMV-infected targets in all cases analyzed [31]. Sev-
eral studies have also suggested that CMV pp65 antigenemia
early after allo-HSCT can help to prevent relapse of AML
[220, 221]. The mechanism for this was proposed recently to
be a CMV-driven expansion of CD8��� V�2� �� T cell clones
that also cross-recognize the autologous tumor cells [33]. The
recognition of primary leukemic blasts but notably, not the
CMV-infected cells, was shown to be mediated often by the
V�1� TCRs specifically [33].

Interestingly, a specific fetal V�1� T cell population, ex-
pressing a public V�8V�1 TCR, was found to expand following
CMV infection in utero [216]. These cells expressed high lev-
els of IFN-�, NKRs, and cytotoxic mediators and showed antivi-
ral activity in vitro. These findings suggest that V�1� T cells
may be efficient in fighting CMV as very early life (from 21
weeks of gestation onward).

In addition to anti-tumor activity, �� T cells possess potent antiviral
functions. Specifically, V�1� and V�3� T cells have been shown to
constitute important effector populations against CMV and thus,
represent valuable effector populations during the lymphopenic post-
transplantation period.

Clinical questions: given the reported anti-CMV and anti-tumor
cross-reactivity of V�2� �� T cells, how will the retention of �� T
cells in the grafts translate in terms of tackling CMV reactivation
versus preventing leukemia relapse? Can CMV reactivation in the
TCR-��/CD19-depleted allo-HSCT setting remain controlled,
whereas specifically inducing expansion of large numbers of cross-
reactive antileukemia V�2� �� T cells and thus, associating with
better prognosis?

CONCLUSIONS AND FUTURE
PERSPECTIVES

It is evident that major advances in the therapy of high-risk
leukemias have been possible, thanks to the discovery and the
functional characterization of inhibitory and activating NKRs
that are expressed on NK cells and �� T cells. In particular,
the precise definition of the specificity of the various receptors
represented a solid basis for building therapies exploiting NK
cell and �� T lymphocyte intervention. These innate effector
cell types may be particularly valuable in the context of hap-
loidentical allo-HSCT, where any beneficial GvHRs of �� T
cells is often accompanied with undesirable GvHD. Despite
important achievements, further progress may be expected
from the use of donor-alloreactive NK cells as a tool for im-
proving the clinical outcome of high-risk leukemias and for
preventing GvHD. For example, effective prevention of GvHD
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may be achieved in patients at risk on the basis of various ex-
periments performed in mice [222, 223]. Based on the knowl-
edge that host DCs initiate GvHD through presentation of
host alloantigens to donor �� T cells, these studies analyzed
the effect of infusion of alloreactive NK cells prior to trans-
plantation and showed that it could eliminate DCs to such an
extent that mice could receive mismatched BM grafts contain-
ing up to 30 times the lethal dose of allogeneic �� T cells in
the absence of any GvHD. Translation of this approach to hu-
mans appears promising to prevent or even treat GvHD. In
general, infusion of NK cells and/or �� T lymphocytes around
the time of allo-HSCT may also protect the patient from early
relapse, viral infection (in particular, CMV reactivation), and
graft rejection. This is of great importance during the time
window when alloreactive NK cells have not yet been gener-
ated from HSCs. Initial efforts are already under way in the
form of haploidentical allo-HSCT protocols, using TCR-��/
CD19-depleted cell populations, which contain CD34� progen-
itors, as well as mature NK cells and �� T lymphocytes, as dis-
cussed above and in the paired clinical review by Locatelli and
colleagues [1].

Suitable clinical protocols may be designed to exploit in-
nate immune effector cells further, by adoptively transfer-
ring higher numbers of more effective NK cells and �� T
cells that have been expanded and/or potentiated ex vivo.
The possibility to enhance the anti-tumor activity of primary
NK cells and �� T lymphocytes by equipping them with ad-
ditional activating receptors through genetic engineering
has been demonstrated [224, 225]. Specifically, �� T cells
have been redirected successfully with �� TCRs and CARs
[225–230]. Such strategies will be particularly valuable in
the posthaploidentical allo-HSCT setting, where CAR-ex-
pressing donor �� T cells could drive GvHD through their
TCRs. In contrast, the corresponding CAR� �� T cells
should not promote GvHD development, even in this
strongly HLA-mismatched context. The MHC class I-inde-
pendent TCRs and many innate tumor reactive receptors
expressed intrinsically by �� T cells further make these cells
very broadly tumor-reactive. We therefore suggest that �� T
cells, especially the NCR� V�1� subset, will be ideal CAR-
therapy effectors, able to limit the development of tumor-
immune escape variants driving leukemia relapse after allo-
HSCT (in the absence of GvHD). Our advanced knowledge
on receptor specificity, cell function, and trafficking to tu-
mor sites also opens up new possibilities. The trafficking to
LNs and thus, the effectiveness of alloreactive NK cells may,
e.g., be improved by translating recent, basic experimental
studies. KIR� alloreactive NK cells gained the ability to mi-
grate to LNs by acquiring chemokine receptors (CCRs)
from CCR7� cells (e.g., DCs or lymphoblastoid B cells) by
the mechanism of trogocytosis [231, 232]. In addition, the
appreciation that different tumor types, including ALL and
AML, inhibit lymphocyte proliferation and effector func-
tion, offers an important clue for improvement of future
clinical protocols. For example, in high-risk leukemias with
high tumor burden (as well as in solid tumors), the adop-
tive immunotherapy with NK cells and �� (or ��) T lym-
phocytes could be combined with drugs (including antibod-

ies) interfering with the inhibitory signals generated in the
tumor microenvironment. The possibility of enhancing the
effector cell function by in vitro treatment with TLR ligands
before cell infusion should also be considered in future
protocols [78]. The potent cytotoxicity and independence
from MHC-mediated antigen presentation from NK cells
and �� T lymphocytes make them unique cellular tools that
are complementary to immunotherapeutic strategies mobi-
lizing adaptive immunity, in particular, for tackling tumor-
immune escape. We, therefore, believe that these cells will
be key reagents in future successful immune-based therapies
against advanced cancer (Table 2).

KIR� alloreactive NK cells can be infused prior to HSCT to reduce
the risk of GvHD, as predicted by murine models.

TABLE 2. Summary of Outstanding Clinical Questions

Is there any clinical evidence that steroid treatment accelerates
the appearance (and the maturation) of NK cells in the PB
of patients receiving allo-HSCT?

Is there any evidence that increased expression levels of
CD94/NKG2A (or any other inhibitory NKR) on �� T cells
may negatively correlate with the clinical outcome in cancer
patients?

Were the high levels of �� T cells, established long after allo-
HSCT, the cause and/or an effect of the beneficial clinical
antileukemia response in the patients?

By what mechanism does the presence of �� T cells in the
graft promote the development of high levels of V�1� T
cells long after allo-HSCT?

Will certain subsets of unmanipulated �� T cells preferentially
undergo homeostatic proliferation when infused as part of a
graft devoid of �� T cells and B cells?

Why do not alloreactive NK cells cause GvHD in spite of the
KIR/HLA mismatch?

Why have some studies failed to confirm the clinical impact of
the presence of donor NK cell alloreactivity in the context
of haploidentical allo-HSCT?

Will unmanipulated V�1� T cells, infused as part of TCR-��/
CD19-depleted grafts, gain NCR expression in vivo?

Can we make more HSCT patients establish high levels of
V�1� T cells long-term by specifically depleting only the ��
TCR� T cells (and CD19� B cells) from the grafts and/or
use adoptive immunotherapy with specific subtypes of fresh
or ex vivo expanded �� T cells?

Will high V�1� T cell frequencies generated under such
circumstances still correlate with/translate to an enhanced
survival?

What happens in the cured individuals that have homozygous
mutations of the NKG2C gene, causing loss of function?

Is the NKR repertoire and NK cell maturation as in the case of
NKG2C� individuals?

Given the reported anti-CMV and anti-tumor cross-reactivity of
V�2� �� T cells, how will the retention of �� T cells in the
grafts translate in terms of tackling CMV reactivation versus
preventing leukemia relapse?

Can CMV reactivation in the TCR-��/CD19-depleted allo-
HSCT setting remain controlled, whereas specifically
inducing expansion of large numbers of cross-reactive
antileukemia V�2� �� T cells and thus, associating with
better prognosis?
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www.jleukbio.org Volume 94, December 2013 Journal of Leukocyte Biology 1133



Adoptively transferred KIR� alloreactive NK cells (CCR7�) can be
redirected to LNs upon acquisition of CCR7 in vitro by trogocytosis.
This allows more efficient removal of host mature DCs, primarily lo-
cated in secondary lymphoid organs, thus preventing GvHD.

The tissue tropism and distinct chemokine receptor profile of V�1� T
cells, as compared with that of V�9V�2 T cells, may allow them to
infiltrate tumors more efficiently.
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