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The potentially oncogenic mevalonate pathway provides building blocks for protein prenylation and induces cell
proliferation and as such is an important therapeutic target. Among mevalonate metabolites, only isopentenyl
pyrophosphate (IPP) has been considered to be an immunologically relevant antigen for primate-specific, innate-like
Vg9Vd2 T cells with antitumor potential. We show here that Vg9Vd2 T cells pretreated with the stress-related,
inflammasome-dependent cytokine interleukin 18 (IL-18) were potently activated not only by IPP but also by all
downstream isoprenoid pyrophosphates that exhibit combined features of antigens and cell-extrinsic metabolic cues.
Vg9Vd2 T cells induced this way effectively proliferated even under severe lymphopenic conditions and the antioxidant
N-acetylcysteine significantly improved reconstitution of gd T cells predominantly with a central memory phenotype.
The homeostatic cytokine IL-15 induced the differentiation of effector cells in an antigen-independent fashion, which
rapidly produced abundant interferon g (IFNg) upon antigen re-encounter. IL-15 induced effector gd T cells displayed
increased levels of the cytotoxic lymphocyte-associated proteins CD56, CD96, CD161 and perforin. In response to
stimulation with isoprenoid pyrophosphates, these effector cells upregulated surface expression of CD107a and
exhibited strong cytotoxicity against tumor cells in vitro. Our data clarify understanding of innate immunosurveillance
mechanisms and will facilitate the controlled generation of robust Vg9Vd2 T cell subsets for effective cancer
immunotherapy.

Introduction

gd T cells combine rapid, innate-like immunity with conven-
tional adaptive features to participate in stress-induced immuno-
surveillance of pathogens and tumors.1-4 Human gd T cells are
often subdivided into Vd1 T cells and Vd2 T cells according to
their expression of T cell receptor (TCR) variable (V) region seg-
ments. Whereas Vg9Vd2 T cells, which are unique to primates,
predominate in human peripheral blood, gd T cells expressing
Vd1 preponderate in epithelial tissues such as skin and intestine.

Evidence for the antitumor potential of gd T cells has already
been obtained.4-7 For instance, gd T cell reconstitution was
recently reported to represent an important long-term correlate
of graft-versus-leukemia activity in leukemia patients receiving T
cell-depleted allogeneic bone marrow. In an 8-year follow-up,
patients with increased gd T cells following allogeneic stem cell
transplantation were shown to have a clear survival advantage.8

The potential of gd T cells in the treatment of advanced hemato-
logical malignancies has recently been emphasized. The successful
adoptive transfer and in vivo expansion of haploidentical gd T
cells was shown to elicit substantial clinical responses in patients
refractory to all prior therapies.9 A particularly attractive aspect
of gd T cell-based immunotherapy for leukemia relates to the
innate-like recognition of danger-associated molecular patterns
without recognition of alloantigens that might result in graft-vs-
host disease.

In comparison to that of ab T cells, the TCR diversity of gd
T cells may be more limited, implying that gd TCRs function
more like pattern recognition receptors that detect either
pathogen-associated molecular patterns or self-encoded danger-
associated molecular patterns reflecting cell- or tissue-dysregula-
tion.1,3 The mevalonate pathway, which provides cholesterol and
lipid donor substrates for posttranslational protein prenylation, is
unique in regards to Vg9Vd2 T cells, as it not only provides
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metabolites but also the cognate antigen isopentenyl pyrophos-
phate (IPP).3 In addition to being a self antigen, IPP is also pro-
duced by bacteria, protozoa and parasites via the non-mevalonate
pathway of isoprenoid biosynthesis. Vg9Vd2 T cells can thus
detect microbes through self recognition10 and expand from
approximately 4% to 60% of peripheral blood T cells during a
variety of infectious diseases.2 Accumulation of IPP arising from
mevalonate pathway dysregulation is well known to activate
Vg9Vd2 T cells.

A standard therapeutic approach in the management of bone
disease occurring in multiple myeloma involves nitrogen-con-
taining bisphosphonates (N-BPs), such as zoledronate that,11

inhibit farnesyl pyrophosphate (FPP) synthase, a key enzyme at
an important branching point of the mevalonate pathway.12

N-BP-induced depletion of FPP and downstream geranylgeranyl
pyrophosphate (GGPP) prevents protein farnesylation and gera-
nylgeranylation, respectively, including multiple members of the
Ras superfamily13 Thus, mevalonate pathway inhibitor therapy
has strong anti-bone resorptive activities, as well as direct and
indirect antitumor effects.7,14,15 However, as an on-target side
effect, upstream IPP accumulates and activates Vg9Vd2 T
cells3,16-18 suggesting that gd T cells contribute to innate immu-
nosurveillance of mevalonate metabolism. This might indeed be
relevant since permanently enhanced flux through the growth-
promoting mevalonate pathway can lead to malignant transfor-
mation.19 Specifically, increased protein geranylgeranylation has
recently been shown to dictate the malignant phenotype.20

We and others have recently shown that IL-18 is a potent cos-
timulator of N-BP-induced gd T-cell activation in vitro.21-23 In
vivo, lymph node macrophage-derived IL-18 has recently been
shown to contribute to the rapid activation of strategically posi-
tioned innate lymphoid cells, including gd T cells, responding to
invading pathogens and limiting systemic pathogen spread.24 In
addition to microbial stress, IL-18 can also arise during metabolic
stress. Disturbances in metabolic pathways can be sensed by
innate immune receptors and lead to the expression of inactive
proIL-18 and, via concomitant caspase-1 activation, the matura-
tion and secretion of bioactive IL-18.25

Although gd T cells perform innate-like responses, the mem-
ory subset classification system of ab T cells, distinguished based
on the expression of certain CD45 isoforms and CD27, has also
been applied to define gd T cell subsets.26 The majority of adult
gd T cells already express a memory phenotype. Central memory
(TCM: CD45RA¡CD27C) gd T cells maintain proliferative
capacity to ensure self renewal but lack immediate effector func-
tion. Conversely, effector memory (TEM: CD45RA¡CD27¡) gd
T cells and terminally differentiated gd T cells (TEMRA:
CD45RACCD27¡) progressively lose proliferative capacity con-
comitantly with the acquisition of effector function. The homeo-
static cytokine IL-15, which is upregulated during tissue
dysregulation and has been implicated in constitutive as well
as lymphopenia-induced proliferation of ab CD8C T cells,
may also affect phenotypic and functional differentiation of
effector T cells.27,28 With regard to Vg9Vd2 T cells, IL-15 has
been shown to induce differentiation of gd thymocytes29 as well
as to overcome the incomplete activation of Vg9Vd2 T cells in

response to mycobacteria-infected dendritic cells.30 Irrespective
of this classification, CD56 expression has been reported to corre-
late with antitumor cytotoxicity and increased resistance of gd T
cells to Fas ligand and chemically induced apoptosis.31

In the present work, we challenge the current view and dem-
onstrate that the mevalonate pathway provides multiple danger
signals for IL-18 primed human gd T cells, which then effectively
proliferate even under lymphopenic conditions. Mevalonate
pathway intermediates can play a dual role as antigens on the one
hand, and on the other, as growth-promoting metabolic cues. In
the absence of antigen, IL-15 can convert central memory gd T
cells into potent CD56C effector cells with the ability to rapidly
produce large amounts of interferon g (IFNg) and kill tumor
cells in response to antigen restimulation.

Results

The mevalonate pathway provides multiple danger signals
for IL-18 primed Vg9Vd2 T cells

To systematically compare the established gd T cell antigen
IPP (C5) with the downstream metabolites dimethylallyl pyro-
phosphate (DMAPP;C5), GPP (C10), FPP (C15), and GGPP
(C20) (Fig. S1), we first examined side-by-side the upregulation
of IL-2Ra (CD25) on Vg9Vd2 T cells. At a saturating dose
(10 mM), all mevalonate-derived isoprenoid pyrophosphates
induced moderate CD25 expression on the majority of Vg9Vd2
T cells (Fig. S2). The stress-related and inflammasome-depen-
dent cytokine IL-18 alone induced a pre-activated phenotype
and strongly enhanced antigen-induced CD25 expression on
Vg9Vd2 T cells (Fig. S2). The observed IL-18 effects were in
accordance with the constitutive expression of IL-18Ra
(CD218a) on Vg9Vd2 T cells (Fig. S2, top panel). Likewise,
Vg9Vd2 T cells constitutively expressed butyrophilin 3A1
(BTN3A1, CD277) (Fig. S2, top panel), which binds phosphor-
ylated nonpeptide antigens and mediates activation of Vg9Vd2
T cells.32-35

To compare the potencies of mevalonate-derived isoprenoid
pyrophosphates as agonists of Vg9Vd2 T cells, we also per-
formed dose-response experiments (0.03 mM to 30 mM) in the
absence and presence of IL-18. Mevalonate metabolites down-
stream of IPP turned out to be as potent as IPP (Fig. 1). At a con-
centration of 0.3 mM all pyrophosphate compounds already
induced significant CD25 expression on Vg9Vd2 T cells (P <

0.05). At this concentration DMAPP was clearly the most
potent, whereas all other compounds displayed similar, albeit
reduced, potencies. At 3 mM, all compounds induced CD25
expression on � 60% (P < 0.01) and at 30 mM on � 80% of
Vg9Vd2 T cells (P < 0.01) (Fig. 1). IL-18 alone induced CD25
expression on � 70% of Vg9Vd2 T cells (P < 0.01) and 3 mM
of isoprenoid pyrophosphate was sufficient to achieve CD25
expression on � 96% of Vg9Vd2 T cells (P < 0.01), regardless
of which compound was used.

Although not essential, monocytes can serve as accessory cells
during gd T cell activation.23,36-38 In accordance with previous
reports that innate lymphocytes can trigger dendritic cell
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maturation,39 isoprenoid pyro-
phosphate-induced Vg9Vd2 T-
cell activation also promoted the
concomitant activation of mono-
cytes (Fig. S3). Specifically, the
downregulation of CD14, up to
3.5-fold decrease based on mean
fluorescence index (MFI), as well
as upregulation of both CD86 (up
to 4.6-fold) and CD83 (up to 10-
fold) was consistent with mono-
cyte differentiation into function-
ally mature dendritic cells.40

Next, we assessed Vg9Vd2 T-
cell proliferation in response to all
mevalonate-derived isoprenoid
pyrophosphates. For this purpose,
we performed carboxyfluorescein
succinimidyl ester (CFSE) dye
dilution assays of isolated T cells
and counterstained Vd2C T cells.
This approach was selected as it
enriches gd T cells and concomi-
tantly eliminates the influence of
accessory cells such as monocytes
and dendritic cells. Data shown in
Figure 2 demonstrate that all
mevalonate-derived isoprenoid
pyrophosphates induced Vg9Vd2
T cell proliferation with compara-
ble magnitudes within 4 days.
CFSE dye dilution patterns clearly
indicated that the various isopren-
oid pyrophosphates did not target
individual clones but rather acti-
vated the entire population of cir-
culating Vg9Vd2 T cells (Fig. 2).
Within 14 days the various iso-
prenoid pyrophosphates induced
>100-fold expansion of Vg9Vd2
T cells (Fig. S4). Isoprenoid pyro-
phosphate-induced proliferation
of gd T cells was further
enhanced, when IL-18 was pres-
ent, resulting in >200-fold expansion as compared to the
cytokine control (P < 0.05).

Mevalonate-derived isoprenoid pyrophosphates display
antigenic features and act as cell-extrinsic metabolic cues

Previous studies have demonstrated that exogenous FPP and
GGPP can be internalized and restore protein prenylation in
breast cancer cells,20 ab T cells,41 and natural killer (NK)
cells42,43 during statin- or aminobisphosphonate-mediated inhi-
bition of mevalonate metabolism. Thus, FPP and GGPP can also
be considered cell-extrinsic metabolic cues regulating important
cellular functions. This puts gd T cells in a rather unique

situation, as they may respond to these isoprenoid pyrophos-
phates both, as antigens and as metabolic cues. To examine this
possibility in more detail, we first investigated the effects in puri-
fied ab T cells (Fig. S5A), which are unable to recognize isopren-
oid pyrophosphates with their TCR. Consistently, IPP, FPP and
GGPP failed completely to induce ab T-cell proliferation
(Fig. S5B). The potent proliferative response of ab T cells
induced with anti-CD3/CD28 was strongly inhibited with sim-
vastatin (Fig. S5C), a cholesterol-lowering drug, which inhibits
mevalonate metabolism early on and thus prevents the generation
of the downstream metabolites FPP and GGPP (Fig. S1).7 Sta-
tins exhibit strong anti-proliferative effects on diverse cell

Figure 1. IL-18 enhances mevalonate-derived isoprenoid pyrophosphate-induced upregulation of CD25
expression on Vg9Vd2 T cells. Peripheral blood mononuclear cells (PBMCs) at 1.5 £ 106/mL were stimulated
for 20 h in round-bottom 96-well plate with increasing concentrations of mevalonate-derived isoprenoid
pyrophosphates in the absence or presence of 100 ng/mL IL-18 . Cells were stained with fluorophore-conju-
gated antibodies against CD3, Vd2 and CD25 (or isotype control). The frequency of CD25C Vd2 T cells was
assessed via cytofluorimetric analys isusing a FACSCanto II. Data are representative of 2 independent
experiments.
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types,20,41 an activity that has been broadly attributed to the inhi-
bition of prenylation and, in particular, to the suppression of Rho
protein geranyl-geranylation.41 We found that addition of GGPP
could actually restore ab T-cell proliferation induced with anti-
CD3/CD28 despite statin-mediated inhibition of mevalonate
metabolism (Fig. S5C). This observation indicated that GGPP
could act as cell-extrinsic metabolic cue that affects ab T-cell
function.

To examine the role of GGPP as an extrinsic metabolic cue in
purified gd T cells, we first induced Vg9Vd2 T-cell proliferation
by gd TCR triggering using an agonistic anti-Vg9 antibody in
the presence of IL-2. This antibody induced strong gd T-cell
aggregation, slight gd TCR downregulation,44 and substantial
gd T-cell expansion (Fig. 3A). Statin treatment was then used to
completely abrogate anti-Vg9 induced proliferation. Under these
conditions, add-back of GGPP at least partially restored gd T-
cell proliferation indicating that exogenous GGPP can enter the
cell and exhibit effects within gd T cells (Fig. 3B). Interestingly,
expression of CD56, which defines gd T cells with increased anti-
tumor activity,31 was strongest in non-proliferating gd T cells
and gradually disappeared with the number of cell divisions
(Fig. 3B).

Oxidative stress that is induced during various inflammatory
conditions but also during chemotherapy may have detrimental
effects on T-cell function. Antioxidant effects of pyrophosphates
from Plasmodium parasites, which promote cellular tolerance to
hydrogen peroxide challenge, have previously been reported.45

We therefore tested the sensitivity of gd T cells to low levels of
H2O2 (10 mM) and assessed oxidative stress using the CellROX
Deep Red assay for the detection of cellular reactive oxygen spe-
cies (ROS). All mevalonate-derived metabolites containing a
pyrophosphate group exhibited a protective effect (Fig. 4). The
pyrophosphate group appeared to be prerequisite for the

antioxidant effect since
isopentenyl monophos-
phate was ineffective. In
contrast, the synthetic
compound isopentenyl
triphosphate could also
protect gd T cells against
H2O2-mediated oxidative
stress. Moreover, the
stress-related cytokine IL-
18, which has also been
implicated in chemother-
apy resistance,46 had a
similar antioxidant effect.
The well-established anti-
oxidant N-acetylcysteine
(NAC), which increases
intracellular glutathione
levels,47 was most potent
in protecting gd T cells
against the oxidative
insult (Fig. 4).

IL-18 plus NAC enhances proliferation of isoprenoid
pyrophosphate-induced gd T cells even under severe
lymphopenic conditions

Immunologic reconstitution is a critical process following che-
motherapy. gd T-cell recovery has been reported to be an impor-
tant long-term correlate of graft-versus-leukemia activity in
leukemia patients receiving T-depleted allogeneic bone marrow.8

To further challenge the gd T-cell agonistic properties of the var-
ious mevalonate-derived isoprenoid pyrophosphates and the sup-
portive role of IL-18, their ability to promote expansion of as few
as 103 highly enriched gd T cells was tested first. Such low gd
T-cell density and absence of accessory cells (Fig. 5A), which sim-
ulates conditions of gd T-cell reconstitution after immunosup-
pressive regimens, can cause considerable cell stress48 and
actually attenuated gd T cell expansion (Fig. 5B). However,
when gd T-cell cultures were supplemented with the antioxidant
NAC, gd T-cell expansion was clearly accelerated (Fig. 5B).
However, in the presence of IL-2 and NAC, all isoprenoid pyro-
phosphates including IPP still induced only moderate gd T cell
expansion (from 10-fold to 20-fold) (Fig. 5C). In contrast, in the
presence of IL-18, gd T cells proliferated vigorously in response
to all isoprenoid pyrophosphates, resulting in >1,000-fold
expansion (P < 0.01 compared to cytokine control) (Fig. 5C).
Both in PBMCs and in purified gd T cells, IL-2 plus IL-18 was
sufficient to induce substantial gd T-cell expansion (P < 0.05)
relative to IL-2 alone, even in the absence of exogenous pyro-
phosphate antigens (Fig. S4 and Fig. 5).

IL-15 induces the differentiation of CD56C cytotoxic
effector gd T cells

Vg9Vd2 T cells expanded with mevalonate-derived isoprenoid
pyrophosphates predominantly consisted of central memory cells
and only of a minor subset of effector memory cells (Fig. 6A). The

Figure 2. Mevalonate-derived isoprenoid pyrophosphates induce proliferation of Vg9Vd2 T cells. T cells were isolated
and labeled with 0.5 mM carboxyfluorescein diacetate succinimidyl ester (CFSE). CFSE-labeled T cells (1 £ 106 cells/mL)
were stimulated with 10 mM mevalonate-derived isoprenoid pyrophosphates and 100 U/mL IL-2 in round-bottom 96
wells for 5 days. After staining for Vd2 using fluorophore-conjugated anti-TCR Vd2 antibody, cells were analyzed via
flow cytometry. Vd2C T cells were gated and selectively examined for CFSE dye dilution (stimulated: filled histogram;
unstimulated control: open histogram). Data are representative of 3 independent experiments analyzing T cells from 3
different donors.
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various mevalonate-derived
isoprenoid pyrophosphates
induced very similar
degrees of central memory
predominance. However,
when cultures were
depleted of CD14C mono-
cytes and thus the major
source of IL-18, treatment
with the homeostatic cyto-
kine IL-15 in the absence
of antigen induced an upre-
gulation of CD56 in a
time-dependent fashion
(Fig. 6B). On day 4, the
majority of Vg9Vd2
T cells were CD56C.
Whereas the antigen-bind-
ing molecule BTN3A1
(CD277) remained unaf-
fected by IL-15 treatment,
IL-15Ra, the cytolytic pro-
tein perforin, the cytotoxic
cell markers CD161
(KLRBI: killer cell lectin-
like receptor subfamily B,
member I) as well as the
CD155 ligand CD96 were
also upregulated during IL-
15 induced differentiation
(Fig. 6C). Upon restimula-
tion with various mevalo-
nate-derived isoprenoid
pyrophosphates, IL-15
induced CD56C effector
gdT cells rapidly produced
large amounts of IFNg
(Fig. 6D). NK cells, which
are also CD56C, served as
internal control in these
cultures, as they did not
produce IFNg, either spontaneously or in response to antigen
stimulation.

In addition to effector cytokine production, a rapid transloca-
tion of the lysosomal associated membrane protein CD107a,
which is a component of cytotoxic granules, occurred in IL-15
differentiated gd T cells upon stimulation with isoprenoid pyro-
phosphate antigens (Fig. 7A).

In line with surface CD107a exposure, IL-15 differentiated gd
T cells displayed strong cytotoxicity in overnight killing assays
against CFSE-labeled MOLT-4 leukemic cells, which was further
enhanced by pre-activation with isoprenoid pyrophosphate anti-
gens (Fig. 7B). Moreover, the higher CFSE fluorescence levels of
surviving MOLT-4 target cells in the presence of antigen stimula-
tion indicate that activated gd T cells also inhibited leukemic cell
proliferation (Fig. 7B).

Discussion

In this study we first demonstrate that the potentially onco-
genic mevalonate pathway provides multiple powerful agonists
for human Vg9Vd2 T cells pre-activated with the stress-related,
inflammasome-dependent cytokine IL-18. This observation was
unexpected because so far only IPP has been recognized as an
immunologically relevant gd T-cell antigen, and other mevalo-
nate metabolites have virtually been ignored. This oversight has
been due to several reasons. First, early work49 resulted in a rank-
ing of prenyl pyrophosphate antigens, which suggested that the
downstream metabolites are 30- to 300-fold less potent than IPP
in stimulating gd T cells.50 This ranking relates to the ability of
the various isoprenoid pyrophosphates to induce short-term pro-
liferation of the gd T cell clone 12G12. This gd T cell clone has

Figure 3. Cell-extrinsic geranylgeranyl pyrophosphate (GGPP) can restore Vg9Vd2 T cell proliferation during statin-
mediated mevalonate pathway inhibition. (A) gd T cells were isolated and stimulated with 10 mg/ml of an anti-Vg9
antibody plus 100 U/mL IL-2 inducing cell aggregation (scale bar: 500 mm), gd T cell receptor (TCR) downregulation
and gd T cell expansion. (B) Carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled gd T cells were stimulated
with an anti-Vg9 antibody plus 100 U/mL IL-2 and proliferation was inhibited by 2 mg/ml simvastatin (statin). Add-
back of 10 mg/ml GGPP partially restored proliferation. Cells were counterstained for CD56 and analyzed by flow
cytometry. Data are representative of 3 independent experiments with 2 different donors.
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been derived from a tuberculoid leprosy patient using M. tuber-
culosis as a crude source of phosphorylated antigens.51 Most bac-
teria including M. tuberculosis, however, synthesize isoprenoid
pyrophosphates via the non-mevalonate pathway. (E)-4-hydroxy-
3-methyl-but-2-enyl pyrophosphate (HMBPP), a metabolite of
the non-mevalonate pathway, has been reported to be 10,000-
fold more potent than IPP.2 The use of M. tuberculosis as a
source of antigens is therefore likely to select for gd T cells with
high avidity for HMBPP during clonal outgrowth.52 It is thus
conceivable that such HMBPP-induced gd T cell clones display
the reported preference for IPP and, concomitantly, declining

reactivity for the down-
stream isoprenoid pyro-
phosphates such as FPP
and GGPP, particularly
because the absolute ste-
reochemistry of double
bonds may differ
between mycobacterial
and human FPP/GGPP.
Second, IPP was already
known as a mycobacterial
antigen.53 Third, treat-
ment with nitrogen-con-
taining bisphosphonates
(N-BPs), such as zoledro-
nate, activates gd T cells
by inducing accumula-
tion of IPP despite the
depletion of downstream
metabolites. Together,
these aspects may have
enforced the general,
though biased perspective
that the downstream
pyrophosphate com-
pounds are less relevant,
or even irrelevant, as gd
T cell agonists.

However, we found
that gd T cells responded
with comparable magni-
tudes to the various iso-
prenoid pyrophosphates
and did not select for
individual gd T cell
clones or subsets but
rather activated the bulk
population of circulating
Vg9Vd2 T cells also con-
firming that Vg9Vd2
TCRs reacted more
like pattern recognition
receptors.1,3

We also show for the
first time that the down-

stream metabolites, which include the protein prenylation
donor substrates FPP and GGPP, can play a dual role and
combine properties of antigens with features of cell-extrinsic
metabolic cues in a unique fashion. Amongst purified gd T
cells, GGPP treatment could restore anti-Vg9 antibody
induced proliferation during treatment with statins, which are
known to exhibit anti-proliferative effects by suppressing pro-
tein prenylation.54

In addition to or instead of triggering the Vg9Vd2 TCR, iso-
prenoid pyrophosphates may obviously enter gd T cells and exert
intracellular effects. Along this line, Sandstrom et al. reported

Figure 4. Mevalonate-derived isoprenoid pyrophosphates, IL-18 and N-acetylcysteine (NAC) increased cellular toler-
ance of Vg9Vd2 T cells to H2O2-induced oxidative stress. Peripheral blood mononuclear cells (PBMCs) at 1.5 £ 106/mL
were seeded in round-bottom 96 wells and treated with 10 mM of the various mevalonate-derived isoprenoid pyro-
phosphates, 100 ng/mL IL-18 or 100 mM N-acetylcysteine (NAC). Cells were challenged with 10 mM H2O2 for 1 h fol-
lowed by the addition of 5 mM CellROX Deep Red Reagent for the detection of reactive oxygen species (ROS). After
30 min, cells were washed and cellular fluorescence was determined by flow cytometry. Data are representative of 4
independent experiments with 2 different donors.
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that binding of phos-
phorylated antigen to
the intracellular B30.2
domain of butyrophilin
subfamily 3, member A1
(BTN3A1) is required for
Vg9Vd2 T cell activa-
tion.35 Our observation
that Vg9Vd2 T cells
constitutively express
BTN3A1 provides the
explanation at the molec-
ular level for our current
finding that isoprenoid
pyrophosphate-mediated
Vg9Vd2 T cell activation
can occur in the absence
of any other cell type.

The similarity of the
metabolic changes that
occur in tumor cells
and in activated T cells
is increasingly appreci-
ated.55 As opposed to qui-
escent cells that prioritize
efficient energy usage and
ATP production, tumor
cells and activated T cells
must ensure high
metabolic flux through
growth-promoting path-
ways such as the mevalo-
nate pathway for protein
prenylation. With regard
to gd T cells this aspect is
intriguing, since intermediate metabolites of the mevalonate path-
way such as FPP and GGPP could then play a dual role as antigens
on the one hand, and on the other, as growth-promoting meta-
bolic cues with intrinsic antioxidant activity.

Inflammasomes, which are multiprotein complexes that oper-
ate as platforms for the activation of caspase-1,56 have critical
roles in tumor immune surveillance.57 Active caspase-1 catalyzes
the proteolytic maturation of pro-IL-1b or pro-IL-18 resulting
in the release of mature IL-1b or IL-18. There is growing evi-
dence that inflammasome-generated IL-18 is crucial for the acti-
vation of innate lymphocytes including gd T cells in vitro21-
23,42,43,58,59 and in vivo.24 In the present work, IL-18 by itself
induced a pre-activated phenotype with increased CD25 expres-
sion and potently costimulated gd T-cell expansion in response
to the various mevalonate-derived isoprenoid pyrophosphates.
IL-18, which has previously been implicated in chemoresist-
ance,46 also increased tolerance of gd T cells against oxidative
stress. In this manner, isoprenoid pyrophosphates, which them-
selves acted as antioxidants, IL-18, and the antioxidant NAC col-
laborated to promote gd T-cell expansion, even under severe
lymphopenic conditions including lack of any accessory cells.

The clinical term “lymphopenia” refers to a count of less than
103 lymphocytes per mL (106/mL) of blood in adults. In vitro, T
cells are usually maintained between 0.5 – 2 £ 106/mL. T-cell
activation at low cell density (104/mL) has been shown to cause
considerable oxidative stress and leads to T-cell apoptosis.48,60 In
our work we have challenged purified gd T cells at a cell density
of 5 £ 103/mL. Under such conditions, which resemble gd T-
cell reconstitution after allogeneic stem cell transplantation, iso-
prenoid pyrophosphates, IL-18 and NAC enabled gd T-cell
reconstitution and resulted in more than 1,000-fold expansion.
These findings may have clinical implications since gd T-cell
reconstitution after allogeneic stem cell transplantation is consid-
ered an important long-term correlate of graft-versus-leukemia
activity.8

Effective T-cell immunity against pathogens or cancer
requires an immediate effector response as well as memory devel-
opment to resist pathogen or tumor recurrence. Therefore, a
balanced distribution in gd T cell phenotype between central
and effector memory versus terminally differentiated effector gd
T cells may ensure both immediate effector functions, (e.g.,cyto-
kine production and cytotoxicity), coincident with maintained

Figure 5. IL-18 and N-acetylcysteine enable Vg9Vd2 T cell proliferation under severe lymphopenic conditions. (A)
Enriched gd T cells devoid of CD14C monocytes were obtained from peripheral blood mononuclear cells (PBMCs)
using CD14 microbeads and magnetic depletion using LD columns. (B) Photo documentation of cell cultures: enriched
gd T cells were seeded at 103 cells per 96 well and stimulated with 10 mM geranylgeranyl pyrophosphate (GGPP) plus
100 U/mL IL-2 and 100 ng/mL IL-18 in the presence or absence of N-acetylcysteine (NAC). Scale bar: 500 mm.
(C) Enriched gd T cells were seeded in triplicates at 103 cells per 96 well and stimulated with 10 mM mevalonate-
derived isoprenoid pyrophosphates plus 100 U/mL IL-2 and NAC in the absence or presence of 100 ng/mL IL-18 . After
14 days, cells were stained with fluorophore-conjugated antibodies CD3 and Vd2 to confirm gd T-cell identity. Abso-
lute cell numbers and gd T-cell expansion were determined by cytofluorimetric analysis (FACS). Data are representative
of 4 independent experiments with T cells derived from 4 different donors.
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proliferative potential to improve long-term protection.26 Pre-
liminary evidence has suggested that effector memory gd T cells
are indeed required to achieve objective clinical responses.61 This
is a concern as the central memory phenotype may prevail in
expanded gd T cells and becomes a serious issue in male cancer
patients because men beyond 30 years of age generally have a
strong bias toward the central memory phenotype.62 Therefore,
our current observation that IL-15 converts central memory cells
into effector gd T cells with a cytotoxic phenotype including the
ability to produce large amounts of IFNg with innate-like kinet-
ics is clinically relevant. The cytotoxic phenotype of IL-15
induced effector gd T cells included CD56 expression, suggest-
ing that CD56 may be a marker of true effector gd T cells,31 but
also encompassed expression of CD161 and of CD96. Whereas
CD161, previously referred to as killer cell lectin-like receptor

subfamily B member I
(KLRBI), has been con-
sidered a marker of
CD4C effector T
cells,63,64 CD96 is the
ligand of the poliovirus
receptor CD155 and
functions as a killer cell
regulatory molecule.65

CD107a, which is a
component of cytotoxic
granules, transiently accu-
mulates on the surface of
cytotoxic lymphocytes
upon degranulation. For
the purpose of flow cyto-
metric detection, surface
exposure of CD107a can
be prolonged by treat-
ment with monensin,
which inhibits clathrin-
dependent endocytosis.66

In our work, we surpris-
ingly detected strong sur-
face expression of
CD107a on antigen-stim-
ulated effector gd T cells
in the absence of monen-
sin. This finding indicates
that antigen-induced acti-
vation of IL-15 differenti-
ated gd T cells, which
triggers effector responses,
is accompanied by upre-
gulation and prolonged
surface expression of
CD107a. This would be
consistent with a recently
proposed novel role of
CD107a, since engi-
neered surface expression

of CD107a has recently been shown to protect NK cells from
degranulation-associated damage.67

Our current work emphasizes the potential of the mevalo-
nate pathway as an important therapeutic target as it provides
multiple potent danger signals for human Vg9Vd2 T cells
(Fig. 8). These danger signals combine features of antigens
and metabolic cues. The stress-related, inflammasome-depen-
dent cytokine IL-18 induces a pre-activated phenotype,
increases responses to antigens, tolerance to oxidative stress,
and further, enables gd T-cell proliferation even under severe
lymphopenic conditions. The homeostatic cytokine IL-15 con-
verts central memory Vg9Vd2 T cells into cytotoxic, IFNg
producing CD56C effector cells. Our findings will pave the
way for the controlled generation of robust gd T cell subsets
for the effective immunotherapy of cancer.

Figure 6. IL-15 converts central memory cells into interferon g producing effector gd T cells with a cytotoxic pheno-
type. (A) Peripheral blood mononuclear cells (PBMCs) at 1.5 £ 106/mL were stimulated in round-bottom 96-well plate
with 10 mM of the various mevalonate-derived isoprenoid pyrophosphates in the presence of 100 U/mL IL-2 and
100 ng/mL IL-18. After 9 days, cells were stained with fluorophore-conjugated antibodies against CD3, Vd2, CD45RA
and CD27 to determine memory phenotypes. (B) PBMCs depleted of CD14C cells were cultured with 25 ng/mL IL-15
for the time indicated. Cells were stained with fluorophore-conjugated antibodies against CD3, Vd2 and CD56 and ana-
lyzed by fluorescence cytometry. Vd2C T cells were gated on a flow cytometer and selectively analyzed for CD56
expression (filled histogram) vs. isotype control (open histogram). (C) CD14¡PBMCs were either freshly analyzed (open
histogram) or cultured with 25 ng/mL IL-15 for 4 days prior (filled histogram). Vd2C T cells were fixed, permeabilized
(as needed) and stained with fluorophore-conjugated antibodies to determine the expression of CD277, IL-15Ra, per-
forin (intracellular), and CD161 and CD96 (filled histogram) vs. isotype control (dotted line). (D) CD14¡PBMCs were cul-
tured with 25 ng/mL IL-15 for 3 days and then stimulated with isopentenyl pyrophosphate (IPP), farnesyl-PP (FPP) or
geranylgeranyl-PP (GGPP) for 5 hours. CD56C cells, which included gd T cells and natural killer (NK) cells, were gated
and analyzed for intracellular interferon g (IFNg) and for surface Vd2. Data are representative of five independent
experiments with 3 different donors.
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Materials and
Methods

Reagents, antibodies
and cell lines

Isoprenoids from Ech-
elon Biosciences or from
Isoprenoids LC were ana-
lyzed by nuclear mag-
netic resonance (NMR)
imaging and were at least
95% pure. Simvastatin
and N-acetylcysteine
(NAC) were obtained
from Sigma-Aldrich.
Human recombinant
IL-2 (rIL-2) was from
Novartis Pharmaceuti-
cals. Human rIL-15
was from PeproTech.
Human rIL-18 was
from Medical & Biologi-
cal Laboratories. The
fixable-cell-permeant,
fluorescein-based tracer
CFSE (carboxyfluores-
cein diacetate succini-
midyl ester) was obtained
from Life Technologies.
H2O2 was from Sigma-
Aldrich. Brefeldin A was
from BD Biosciences.

Fluorophore conju-
gated monoclonal anti-
bodies used were as
follows: anti-CD3 (SK7-
PerCP-Cy5.5), anti-
CD3 (UCHT-1-V450),
anti-CD14 (MwP9-
FITC, MwP9-APC), anti-CD25 (2A3-PE), anti-CD27 (M-
T271-APC), anti-CD45RA (HI101-PE-Cy7), anti-CD56
(NKH-1-PE), anti-CD83 (HB15-PE), anti-CD86 (2331/
FUN-1-PE), anti-CD107a (H4a3-APC), and anti-IFNg (B27-
FITC) were all from BD Biosciences; anti-TCR Vd2 (IMMU
389-FITC) and the unconjugated, preservative-free anti-Vg9
(IMMU 360) were from Beckman Coulter; anti-CD96
(NK92.39-PE), anti-CD161 (HP-3610-PerCP-Cy5.5), and
anti-CD218a (H44-PE) were from eBioscience; anti-TCR Vd2
(B6-PerCP), anti-CD277 (BT3.1-PE), and anti-human per-
forin (B-D48-PE) were from BioLegend; anti-C-C chemokine
receptor 2 (CCR2) (48607-APC) was from R&D.

Cell isolation, cell staining and flow cytometry
All donors (n D 10) gave written informed consent in accor-

dance with the Declaration of Helsinki to the use of their residual
peripheral blood buffy coats for research purposes, with approval

from the University Hospital of Innsbruck Review Board. CD3C

T cells were isolated using CD3 microbeads and LS columns.
Untouched gd T cells were isolated from peripheral blood mono-
nuclear cells (PBMCs) using the TCRgd T Cell Isolation Kit.
Monocytes were depleted from PBMCs using CD14 microbeads
and LD columns. All procedures were performed according to the
manufacturer’s instructions (Miltenyi Biotec). Fix&Perm (AN
DER GRUB Bio Research) was used for intracellular perforin
detection. Cell suspensions were stained on ice for 30 min in the
dark with various combinations of directly fluorochrome-conju-
gated antibodies in PBS containing 0.5% fetal calf serum (FCS)
and 50 mg/mL human IgG (Octapharma) to block Fc g receptors.
Fixable viability dye eFluor 780 was used to label dead cells. For
all samples, acquisition and analysis was performed on a FACS-
Canto II flow cytometer and FACS Diva 6.1.2 as well as FlowJo
V7.2.5 software (BD Biosciences) by first applying dead cell and
doublet discrimination followed by the indicated cell gating.

Figure 7. Pyrophosphate antigen stimulated gd T cells differentiated with IL-15 upregulate surface CD107a and display
cytotoxic and anti-proliferative activity against MOLT-4 leukemic cells. (A) Purified gd T cells were differentiated with
25 ng/mL IL-15 for 4 days, stimulated with isopentenyl pyrophosphate (IPP), farnesyl-PP (FPP) or geranylgeranyl-PP
(GGPP) (each at 30 mM) for 4 hours and immunofluorescently stained for surface expression of CD107a in the absence
of monensin (filled histogram) vs. isotype control (open histogram). (B) MOLT-4 cells were labeled with 0.5 mM carboxy-
fluorescein diacetate succinimidyl ester (CFSE) and mixed with IL-15 differentiated gd T cells (IL-15 gd T cells) at a ratio
of 1:5. The cell mixture was stained with fluorophore-conjugated antibodies against CD3 and TCRVd2 and analyzed by
flow cytometry. In a 96-well round-bottom plate, CFSE-labeled MOLT-4 cells (3 £ 104) were co-cultured with 1.5 £ 105

IL-15 differentiated gd T cells (ratio 1:5) that had been pre-activated with pyrophosphate antigens (30 mM) for 4 h. After
overnight incubation (in the absence of pyrophosphate antigens), cells were stained for CD3 and TCRVd2 (as described
above) and analyzed by flow cytometry (bottom panel). Data are representative of 3 independent experiments with 2
different donors.
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Cell culture: gd T cell proliferation, differentiation
and cytokine measurements

All cell cultures were performed in round-bottom 96 wells
using complete RPMI 1640 supplemented with 10% FBS
(HyClone).23,43,68 PBMCs or enriched gd T cells were stimu-
lated in triplicates with isoprenoid pyrophosphates (10–50 mM)
in the presence or absence of 100 U/mL IL-2, 100 ng/mL IL-18
or 25 ng/mL IL-15 . To assess gd T cell proliferation, cells were
labeled with 0.5 mM CFSE, stimulated and cultured for 5 days.
Progressive dye dilution as a consequence of cell divisions was
measured amongst Vd2C T cells by counterstaining (as described
above) and cytofluorimetric analysis.

For intracellular staining of IFNg, 2 £ 106/mL cells were
stimulated with 30 mM isoprenoid pyrophosphates for 5 h in
the presence of brefeldin A and were then harvested, washed,
and stained with fluorochrome-conjugated anti-CD3 and
anti-TCRVd2 for 30 min at 4�C. Cells were washed twice
and treated with Fix&Perm. Fixed, permeabilized cells were
stained with fluorochrome-conjugated anti-IFNg antibody.
After 2 more washes, the cells were analyzed by fluorescence
cytometry.

Oxidative stress analysis
To monitor changes in cellular tolerance to oxidative stress,

1.5 £ 106/mL PBMCs () were pretreated with the various iso-
prenoid pyrophosphates, IL-18 or NAC. The cells were exposed
to 10 mM H2O2 in culture medium. After 1 h, 5 mM CellROX
Deep Red reagent (Life Technologies) was added for 30 min.
Cells were then washed 3 times and cellular fluorescence was
measured by flow cytometry.

In vitro tumor-killing assays
MOLT-4 cells (DSMZ: ACC 362) were used as target cells.

MOLT-4 cells are leukemic T cells that lack CD3 surface expres-
sion. MOLT-4 cells were labeled with 0.5 mM CFSE and 3 £
104 cancer cells were incubated with 1.5 £ 105 gd T cells (ratio
1:5) in a 96-well round-bottom plate. After overnight incubation
(20 h), cells were stained with anti-CD3-V450 and anti-
TCRVd2-PerCP and analyzed by fluorescence cytometry.
Whereas loss of CFSE-labeled target cells is indicative of gd T
cell cytotoxicity, CFSE fluorescence intensity of surviving target
cells can additionally indicate anti-proliferative activity of gd T
cells.

Figure 8. IL-18 and IL-15 regulate gd T cell surveillance of mevalonate metabolism. IL-18 induces a pre-activated phenotype in gd T cells, increases immu-
nological responses to antigens as well as tolerance to oxidative stress, and enables proliferation under severe lymphopenic conditions; IL-15 converts
central memory Vg9Vd2 T cells into effector cells, which produce with innate-like kinetics large amounts of interferon g (IFNg) upon antigen stimulation
and display potent cytotoxicity against tumor cells.
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Statistical analyses
Experiments were always set up at least as duplicates or as trip-

licates, and repeated at least 2 times. Group comparisons were
performed using Student’s t test for paired samples. A P value
equal to or less than 0.05 was considered statistically significant.
Microsoft Excel and SPSS software (SPSS Inc.) were used for
calculations.
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