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The high cytotoxic activity of Vγ9Vδ2 T lymphocytes against tumor cells makes them useful candidates in anticancer therapies.
However, the molecular mechanism of their activation by phosphoantigens (PAgs) is not completely known. Many studies have
depicted the mechanism of Vγ9Vδ2 T-cell activation by PAg-sensed accessory cells, such as immune presenting cells or tumor cells.
In this study, we demonstrated that pure resting Vγ9Vδ2 T lymphocytes can self-activate through exogenous PAgs, involving their
TCR and the butyrophilins BTN3A1 and BTN2A1. This is the first time that these three molecules, concurrently expressed at the
plasma membrane of Vγ9Vδ2 T cells, have been shown to be involved together on the same and unique T cell during PAg
activation. Moreover, the use of probucol to stimulate the inhibition of this self-activation prompted us to propose that ABCA-1
could be implicated in the transfer of exogenous PAgs inside Vγ9Vδ2 T cells before activating them through membrane clusters
formed by γ9TCR, BTN3A1 and BTN2A1. The self-activation of Vγ9Vδ2 T cells, which leads to self-killing, can therefore participate in
the failure of γδ T cell-based therapies with exogenous PAgs and should be taken into account.
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INTRODUCTION
The mediation of cytotoxicity against tumor cells by Vγ9Vδ2 T
lymphocytes [1, 2] has been considered as an interesting
candidate cancer immunotherapy for several years. Even if these
cells represent only 1–3% of blood mononuclear cells, they can
proliferate in vitro and in vivo upon activation and infiltrate the
tumor site [2–4]. However, their effects have not been consistent
across different studies and different types of malignancies, and
their use has resulted in both good [5, 6] and bad prognoses [7, 8].
In addition, no substantial antitumoral activity was detected in
clinical trials with Vγ9Vδ2 T lymphocyte-based immunotherapies,
although weak tumor regression associated with significant
amplification of these lymphocytes in the blood was found in a
few cases (all reviewed in ref. [9]). These failures can be attributed
to the resistance of tumor cells to Vγ9Vδ2 T-cell killing and/or the
limited understanding of Vγ9Vδ2 T-cell receptor (TCR) diversity
and the mode of action of receptor-ligand interactions.
Vγ9Vδ2 T cells are activated by nonpeptide phosphoantigens

(PAgs), which are metabolites of the methyl erythritol phosphate
pathway in microbial pathogens [10] and the eukaryotic mevalo-
nate (MVA) pathway in tumor cells [11, 12]. This PAg activation was
clearly shown to be TCR-dependent and possibly modulated
by immune checkpoint inhibitors and natural killer (NK) receptors
also expressed by Vγ9Vδ2 T cells [13–17]. Moreover, the
upregulation of endogenous biosynthesis of PAgs in tumor cells
with inhibitors of the MVA pathway, such as aminobisphophonate

(ABP), can exacerbate antitumor Vγ9Vδ2 T-cell functions. Even if
novel pathways to potentiate the clinical effects of Vγ9Vδ2 T cells
were proposed [9], the clarification of some gray areas of PAg
activation of these cells remains essential. Although the details of
tumor cell recognition can be controversial, members of the
butyrophilin A (BTNA) family, BTN3A1 and BTN2A1, were shown to
be essential for this recognition, as have the ABCA1 transporter
and the intracellular RHOB and periplakin molecules [18–24].
However, direct PAg activation in Vγ9Vδ2 T cells, i.e., without

an accessory cell and without any cell contact, has never
been described. A few years ago, some researchers proposed
direct activation of Vγ9Vδ2 T cells by exogenous PAg, while others
argued that the small size of these molecules precludes direct
activation of the TCR [25, 26], but experimental evidence was
missing to explain the exact mechanism. In this study, we have
shown that pure resting Vγ9Vδ2 T cells from the blood can be
directly activated by exogenous PAg but not by ABP in a cell
contact-independent manner with a mechanism involving γ9TCR,
BTN2A1, and BTN3A1.

MATERIALS AND METHODS
Vγ9Vδ2 T cells
Untouched fresh γδ T cells were obtained from fresh PBMCs from healthy
donors using the TCRγδ+ T-Cell Isolation Kit, a MidiMACS™ Separator, and
an LS Column, according to the manufacturer’s instructions (Miltenyi
Biotec, Germany).
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Reagents and antibodies
Reagents. BrHPP (200 nM) and c-HDMAPP (2 nM, Innate Pharma, Mar-
seille, France); IPP (10 μM), zoledronic acid monohydrate (Zometa, 1 or
5 μM), DAPI (1 μg/mL), and Probucol (10 μM, Sigma-Aldrich St. Louis, MO);
7-AAD viability staining solution (Sony Biotechnology).

Flow cytometry antibodies. Anti-CD3 mAb (BV510, clone UCHT1, BD
Biosciences), anti-γ9TCR mAb (FITC, clone B3, BD Biosciences), anti-δ2TCR
mAb (PE, clone REA771, Miltenyi Biotec), anti-γδTCR mAb (BV510, clone B1,
Sony Biotechnology), PeCy5 or PE anti-CD107a (clone H4A3), APC-Cy7 anti-
CD69 (clone FN50), PE anti-BTN3A1 (clone 232-5) and isotopic controls (BD
Biosciences); anti-BTN2A1 (Biorbyt, Cambridge, United Kingdom); PeCy7
anti-IFNγ (clone B27) and isotype control (Sony Biotechnology).

Activating antibody. Anti-BTN3A activating antibody (clone 20.1,
10 μg/ml).

Blocking antibodies. Anti-BTN3A1 1 h at 10 μg/mL (103.2) and anti-
BTN2A1 (7.48, ImCheck Therapeutics, Marseille, France); and anti-γδTCR
1 h at 0.5 mg/mL (clone B1, BioLegend).

Trogocytosis analysis and cytotoxic assay
Daudi cells were stained with the lipophilic green-emitting dye PKH67
(Sigma-Aldrich). Pure resting γδ T cells were stained with PKH67 or with
cytoplasmic Cell Tracker™ Orange-CMTMR [5-(and-6)-(((4-chloromethyl)
benzoyl) amino) tetramethylrhodamine), Molecular Probes, Oregon, USA]
according to the manufacturer’s instructions. CMTMR+ γδ T cells were
cocultured with PKH67+ cells (Daudi cells or autologous γδ T cells) at 37 °C
in RPMI 1640 culture medium (Invitrogen, Cergy Pontoise, France)
supplemented with 10% fetal calf serum (Hy1, Thermo Scientific, USA),
100 µg/ml streptomycin, and 100 IU/ml penicillin (Cambrex Biosciences,
Rockland, ME, USA). The cocultures were performed in 96-well U-bottom
culture plates at a cell ratio of 1:1 with a total of 200,000 cells per well.
CD107a or IgG1 was added to the coculture, and brefeldin A (10 µg/ml)
was added after 2 h of coculture. After 4 h of coculture, the cells were
washed with 0.5 mM PBS/EDTA and then stained with 7-AAD and DAPI to
identify dead cells. Trogocytosis was measured as the acquisition of PKH67
fluorescence by CMTMR+ γδ T cells, which was characterized by an
increase in the mean fluorescence intensity of PKH67 by flow cytometry.

Flow cytometry analysis
Cells were labeled with the indicated antibodies or isotype controls at
5 µg/ml for 20min at 4 °C and analyzed on an LSRII cytometer (BD
Biosciences, Pont de Claix, France). Data were analyzed using BD FACSDiva
software or FlowJo software. Intracellular staining was performed using BD
Cytofix Cytoperm according to the manufacturer’s instructions (BD
Biosciences).

Single-cell calcium video imaging
To assess the real-time activation of lymphocytes, measurements of the
intracellular Ca2+ levels were performed with γδ T cells loaded with 2 μg
Fluo-8 AM (Abcam) for 30min at 37 °C in RPMI medium. γδ T cells were
washed, resuspended in HBSS FCS 1% and seeded on Angiogenesis
μ-Slides (Ibidi, Planegg/Martinsried, Germany) coated with poly-D-lysine for
5 min at 37 °C (10 µg/mL, Sigma-Aldrich) and two PBS washes.
γδ T cells were stimulated by BrHPP (200 nM), cHDMAPP (2 nM), IPP

(15 µM), zoledronate (1 µM), or ionomycin (1 μM) as indicated. In some
experiments, γδ T cells were previously treated with blocking antibodies for
2 h (anti-BTN3A1 10 μg/mL, anti-BTN2A1 10 μg/mL or anti-γδTCR 10 µg/mL),
or with reagent (Probucol 10 μM overnight).
Measurements of intracellular Ca2+ responses were performed using a

Zeiss LSM 880 FAST Airyscan confocal microscope equipped with a 63X
Plan-Apochromat oil immersion objective with a 1.4 aperture and an
incubation system (PeCon–Zeiss) to regulate the temperature (37 °C) and
CO2 (5%).
To analyze calcium influx, the mean Fluo-8 AM ratio (mean Fluo-8 AM

intensity/cell area) in isolated fresh γδ T cells over time was quantified and
reported.
To study the reproducibility of calcium influx, these profiles were applied

to several freshly isolated sets of γδ T cells, and the results were quantified.
This quantification represents the quantitative difference between the
maximum and minimum values (5% standard deviation) of the Fluo-8 AM
intensities emitted by an isolated cell for each condition.

Immunofluorescence microscopy and colocalization analysis
Microscope slides were coated with poly-D-lysine (10 µg/mL, overnight,
Sigma-Aldrich). Fresh purified γδ T cells were previously stained with
anti-γ9TCR antibody (FITC, clone B3, BD Biosciences) and anti-BTN3A1
(BV421, clone 232-5, BD Biosciences) for 20 min at 4 °C. Next, freshly
purified γδ T cells were untreated or treated with BrHPP (200 nM) for 3,
10, or 45 min or ionomycin (10 min at 10 µg/mL) under optimal culture
conditions (37 °C and 5% CO2). Then, the cells were dropped on slides
and fixed with 4% PFA for 10 min (room temperature). After a blocking
incubation of 30 min (PBS 10% SVF, room temperature), γδ T cells were
stained overnight at 4 °C with an anti-BTN2A1 (5 µg/mL, Biorbyt)
primary antibody. After three washes, goat anti-rabbit (AF568)
secondary antibody was added at 1 µg/mL for 1 h at room temperature.
Finally, slides were mounted with Fluoromount-G mounting medium
and analyzed on a Zeiss LSM 780 or 880 FAST Airyscan confocal
microscope.
Quantitative colocalization analysis between BTN2A1, BTN3A1, and

γ9TCR on the surface of freshly purified γδ T cells was achieved on the plot
profile with the RGB profiler in ImageJ. For colocalization analysis, we
determined Manders’ coefficient [27] on median optical sections using
ImageJ and the JACoP plug-in.

Statistics
Data are expressed as the mean ± SEM. For comparison of two series of
normally distributed variables, we used paired and one-tailed Student’s t
tests with α= 0.05 for statistical significance. Statistical analysis was
performed with Prism 7.0 software (GraphPad Inc.).

RESULTS
PAg-activated Vγ9Vδ2 T cells are not sufficient for the
activation of autologous resting Vγ9Vδ2 T cells
The goal of this study was to determine how purified resting
Vγ9Vδ2 T cells can be activated by soluble PAgs such as BrHPP.
Classically, target cells such as tumor cells activate Vγ9Vδ2 T cells
through their butyrophilins, which are primarily activated by
endogenous PAgs. However, even if the susceptibility of resting
and activated Vγ9Vδ2 T cells to activation-induced cell death by
TCR crosslinking is known [28], there is little research concerning
the dialog between Vγ9Vδ2 T cells under PAg stimulation in the
absence of an accessory cell. Thus, we wondered whether Vγ9Vδ2
T cells are also able to kill each other under PAg activation and
whether the Vγ9Vδ2 killer needs PAg activation or if PAg sensing
of the Vγ9Vδ2 target cell alone was sufficient.
Purified resting γδ T cells from the same donor were divided

into two groups. One group was stained for the intracellular
marker CMTMR, and the other was stained for the lipophilic
membrane marker PKH67 (Fig. 1A). We considered CMTMR+

Vγ9Vδ2 T cells (γδR) as effector cells and PKH67+ Vγ9Vδ2 T cells
(γδG) as target cells. Daudi cells, from a cell line originating from a
patient with Burkitt’s lymphoma, were also used as a target cell
control. γδ T cells were prestimulated or not with BrHPP (γδ GBr, γδ
R, γδ RBr). We next wanted to determine whether γδ T cells needed
to be prestimulated with BrHPP to express CD107a. For that, we
analyzed CD107a expression by γδ R or γδ RBr cocultured with γδ
GBr by flow cytometry and showed that γδ RBr expressed CD107a
after a coculture for 4 h but not γδ R. In the same cocultures, γδ
GBr expressed CD107a in the two conditions: coculture with γδ R
or with γδ RBr. The expression of CD107a by Vγ9Vδ2 T cells in
contact with autologous Vγ9Vδ2 T cells requires BrHPP prestimu-
lation. However, this prestimulation with PAg is not necessary for
Vγ9Vδ2 T cells cultivated with Daudi cells, which are known to
express endogenous PAgs [29] (Fig. 1B, C). CD107a is expressed
following the establishment of the immunological synapse (IS),
during which membrane patches are exchanged between the two
partners involved in this IS, a phenomenon called trogocytosis
[30]. Acquisition of membrane PKH67 fluorescence by the
CMTMR+ group after 4 h of contact therefore reflects a stable IS,
which is essential for the activation of lymphocytes [30]. We
analyzed PKH67 fluorescence acquisition by γδ R or γδ RBr after
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5min or 4 h in coculture with γδ GBr. γδ RBr cells acquired PKH67
fluorescence after 4 h of contact with γδ GBr but not γδ R, although
the same γδ R cells were able to acquire PKH67 fluorescence after
contact with PKH67+ Daudi cells (Fig. 1D, E). Thus, autologous

trogocytosis between two Vγ9Vδ2 T cells requires BrHPP
prestimulation of the two partners.
To determine whether Vγ9Vδ2 T cells died following autologous

trogocytosis, we quantified 7-AAD and DAPI staining of γδR or γδ

Fig. 1 Autologous killing of purified Vγ9Vδ2 T cells requires PAg activation. A Flow chart of the Vγ9Vδ2 T-cell preparation for coculture
experiments (γδ R: CMTMR+ γδ T cells; γδ RBr: CMTMR+ γδ T cells pretreated with BrHPP; γδ GBr: PKH67+ γδ T cells pretreated with BrHPP).
B, C Flow cytometry analysis of CD107a expression by either γδ RBr or γδ R cocultured with γδ GBr or by γδ GBr cocultured with γδ RBr or γδ R.
B One representative experiment; C Twelve independent experiments included CD107a expression by γδR cells cocultured with Daudi cells
(D)). D, E Flow cytometry of PKH67 fluorescence acquisition by γδ R or γδ RBr after coculture for 5min or 4 h with γδ GBr or with PKH67+ Daudi
cells (D G). (D One representative experiment (5 min of coculture gave the same result for γδ R or γδ RBr); E seven independent experiments).
F, G Flow cytometry analysis of 7-AAD and DAPI staining of γδ RBr or γδ R cells cocultured with γδ GBr cells. (F One representative experiment.
G Three independent experiments). Asterisk (*) indicates p < 0.05, Student’s paired t test; ns: not significant
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RBr cocultured with γδ GBr. We showed that only γδ RBr cells were
stained with 7-AAD and DAPI when cocultured with γδ GBr cells
(Fig. 1F, G). Therefore, a Vγ9Vδ2 T cell needs to be stimulated by
PAgs to kill another Vγ9Vδ2 T cell only if this cell is also activated
by PAgs.

Vγ9Vδ2 T cells can self-activate through BrHPP in a TCR- and
butyrophilin-dependent manner
The above results led us to ask how purified γδ T lymphocytes
can be activated by exogenous PAgs without any target cell
and without cell contact. Thus, we monitored the calcium flux
of individual Vγ9Vδ2 T cells by video microscopy under
stimulation with exogenous PAgs (BrHPP, cHDMAP, or IPP) or
with ionomycin, a calcium ionophore, as a positive control.
Fresh γδ T cells sorted from blood samples of healthy donors
were loaded with the calcium probe Fluo-8 AM-tagged and
then coated on a microslide at a limited cell concentration to
avoid cell contact. The stimulator was added with care to the
well under the microscope 2 min after starting the video to
detect the green fluorescence of the calcium flux (Fig. 2A).
Stimulation with ionomycin led to a rapid increase in Fluo-8 AM
fluorescence followed by stabilization (Fig. 2B). The Fluo-8 AM
profile obtained with BrHPP stimulation was different, with
several peaks of calcium flux in the same isolated Vγ9Vδ2 T cell
(Fig. 2C, Supplementary Fig. 1 for the video). These profiles
were reproduced for several isolated Vγ9Vδ2 T cells from
different donors by measuring the ratio (Fluo-8 AM intensity
mean/cell area) before and during stimulation with ionomycin
or BrHPP (Fig. 2D). A significant increase in fluorescence in
isolated γδ T cells was observed with ionomycin activation and
BrHPP stimulation. This self-activation was shown with other
PAgs, such as cHDMAP and IPP (Supplementary Fig. 2). The
expression of IFN-γ, CD107a and CD69 measured by flow
cytometry confirmed that Vγ9Vδ2 T cells can be activated by
the exogenous PAgs BrHPP, cHDMAPP and IPP without a target
or accessory cell. The same results were reproduced with anti-
CD3/CD28 beads as a positive control (Supplementary Fig. 3).
Interestingly, Vγ9Vδ2 T cells were not activated by an ABP such
as zoledronate after incubation for 4 h, overnight or 4 days,
whereas Vγ9Vδ2 T cells could be amplified in cultures of PBMCs
as with BrHPP in the presence of IL2 and zoledronate
(Supplementary Fig. 4).
All these results show that Vγ9Vδ2 T cells can self-activate with

exogenous PAgs without cell contact.
Next, we asked whether this PAg self-activation involved the

same actors depicted for Vγ9Vδ2 T-cell activation in the
context of contact with tumor cells. First, we checked that
resting Vγ9Vδ2 T cells expressed BTN2A1 and BTN3A1 on their
cell surface (Supplementary Fig. 5A) and that fresh Vγ9Vδ2
T cells could be activated by the BTN3A1 agonist (Supplemen-
tary Fig. 5B). Then, we analyzed the calcium flux in a single cell
in the presence of blocking antibodies by video microscopy
during BrHPP stimulation. Blocking antibodies against TCR and
the two butyrophilins succeeded in decreasing calcium flux
when added to cells stimulated by BrHPP (Fig. 2E, F and
Supplementary Fig. 6 for the videos). Furthermore, the
expression of IFN-γ, CD107a, and CD69 was measured by flow
cytometry in purified resting Vγ9Vδ2 T cells stimulated with
BrHPP in the presence or absence of blocking antibodies
against TCR, BTN3A1, or BTN2A1. A clear decrease in the
expression of the three markers was obtained for Vγ9Vδ2
T cells stimulated by BrHPP in the presence of each blocking
antibody but not for Vγ9Vδ2 T cells stimulated with anti-CD3/
CD28 beads (Supplementary Fig. 5C, D).
Thus, we showed that all the actors involved in the PAg-induced

activation of Vγ9Vδ2 T cells in a cell contact context with tumor
cells are also engaged in PAg self-activation.

Preexisting clustering of γ9TCR with BTN2A1 and BTN3A1 in
resting Vγ9Vδ2 T cells
The next step was to understand the configuration of the
involvement of γ9TCR, BTN2A1 and BTN3A1 at the surface of
Vγ9Vδ2 T cells under BrHPP stimulation. To depict in detail Vγ9Vδ2
T-cell self-activation, we performed immunofluorescence staining
of these three molecules on resting purified Vγ9Vδ2 T cells during
activation with BrHPP (200 nM for 3, 10, or 45 min) or ionomycin
(10 µM for 10min) (Fig. 3A). As expected, we showed that γ9TCR
expression (green fluorescence) was evenly distributed on the
surface of fresh purified resting Vγ9Vδ2 T cells. γ9TCR, BTN2A1,
and BTN3A1 were colocalized in several parts of the membrane
before or after BrHPP stimulation, as shown in the profiles in the
right panel of Fig. 3A. However, the colocalizations between the
three structures were not equivalent. γ9TCR was more colocalized
with BTN2A1 than with BTN3A1, with Manders’ coefficients of 0.86
vs. 0.56 (Fig. 3B). Then, we asked whether these colocalizations
could be modulated upon BrHPP or ionomycin stimulation. The
coefficient of colocalization of γ9TCR with BTN3A1 or BTN2A1 was
not significantly modified, nor was that of BTN3A1/BTN2A1
colocalization (Fig. 3B).
To analyze the dynamics of these membrane proteins during

stimulation with exogenous BrHPP, we quantified their fluores-
cence intensity according to the duration of the stimulation
(Fig. 3C). The intensity of fluorescence was normalized to that of
the untreated cells. A fluctuation of the fluorescence for γ9TCR
was shown with a quick decrease after 3 min of stimulation with
BrHPP and then an increase after 10 min to again decrease after a
longer stimulation time (45min). However, the fluorescence for
γ9TCR observed after 10 min of stimulation with ionomycin was
not modified compared to the unstimulated condition. Similar to
γ9TCR fluorescence, BTN2A1 fluorescence decreased rapidly after
3 min of BrHPP stimulation to return to a similar intensity to the
unstimulated control after 10min. In contrast, the mean intensity
of fluorescence for BTN3A1 increased but not in the first minutes,
only from 10min, and remained stable, while ionomycin stimula-
tion did not change the fluorescence of BTN3A1.
Thus, all these results show that freshly purified Vγ9Vδ2 T cells

transitorily modulate their early expression of BTN2A1 and γ9TCR
and later BTN3A1 expression under BrHPP activation.
Finally, we wondered whether exogenous BrHPP needs to enter

Vγ9Vδ2 T cells to activate them through the membrane cluster
γ9TCR/BTN2A1/BTN3A1. As the Massimo Massaia group has
shown that the ABCA1 transporter could be involved in IPP
trafficking across the membrane [24], we investigated whether
this transporter could be used for the transport of exogenous
BrHPP inside Vγ9Vδ2 T cells. Using probucol, a specific inhibitor of
ABCA1 that is not toxic to Vγ9Vδ2 T cells (Supplementary Fig. 7),
we showed a total abrogation of calcium flux in Vγ9Vδ2 T cells
activated by BrHPP in the presence of probucol (Fig. 4A), with a
significant decrease in Fluo-8 AM intensity in Vγ9Vδ2 T cells
treated with probucol before BrHPP stimulation (Fig. 4B). The
involvement of ABCA1 in BrHPP stimulation was confirmed by a
significant decrease in the expression of IFN-γ, CD107a and CD69
by purified resting Vγ9Vδ2 T cells stimulated by BrHPP, while
stimulation with anti-CD3/CD28 beads was not affected (Fig. 4C
(representative experiment) and Fig. 4D (pool of independent
experiments)).
These results indicate that ABCA1 could be used by exogenous

BrHPP to penetrate Vγ9Vδ2 T cells before self-activation.

DISCUSSION
Recent years have seen renewed interest in Vγ9Vδ2 T-cell
therapies and new strategies using Vγ9Vδ2 T cells (reviewed in
[9]). Despite increased knowledge of many components involved
in the Vγ9Vδ2 T-cell activation process, the mechanism is still
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Fig. 2 Self-activation of resting purified Vγ9Vδ2 T cells by exogenous BrHPP is dependent on TCR, BTN3A1, and BTN2A1. A Sequence of
actions for calcium flux detection by video in an individual Vγ9Vδ2 T cell. B–E Time lapse of the Fluo-8 AM intensity representing the calcium
flux in one Vγ9Vδ2 T-cell stimulated by ionomycin (B) or exogenous BrHPP (C). Three images were extracted from the time lapses at three
different time points of the stimulation. D Mean Fluo-8 AM intensity per γδ T cell area (difference 5% max–5% min). F Time lapse of the Fluo-8
AM intensity representing the calcium flux in one Vγ9Vδ2 T-cell stimulated by BrHPP in the presence or absence of blocking antibodies
against γ9TCR, BTN3A1. or BTN2A1. Asterisk (*) indicates p < 0.05, Student’s paired t test; ns not significant
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Fig. 3 Preexisting clusters of γ9TCR, BTN2A1 and BTN3A1 at the surface of resting Vγ9Vδ2 T cells and their modulation during BrHPP
stimulation. A Immunofluorescence of γ9TCR, BTN2A1 and BTN3A1 on freshly purified isolated Vγ9Vδ2 T cells during BrHPP stimulation
(representative images, γ9TCR: green fluorescence, BTN2A1: red fluorescence and BTN3A1: blue fluorescence and the merge) and
colocalization profiles for each condition corresponding to the arrow). B Comparison of the colocalization of γ9TCR, BTN2A1 and BTN3A1 on
freshly purified isolated Vγ9Vδ2 T cells during BrHPP or ionomycin stimulation quantified by Manders’ coefficient in ImageJ software. C Mean/
area intensity of γ9TCR, BTN2A1, and BTN3A1 on freshly purified isolated Vγ9Vδ2 T cells during BrHPP or ionomycin stimulation. Asterisk (*)
indicates p < 0.05, Student’s paired t test; ns not significant
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Fig. 4 Inhibition of ABCA-1 by probucol impairs BrHPP self-activation of resting purified Vγ9Vδ2 T cells. A Time lapse of the Fluo-8 AM
intensity representing the calcium flux in one Vγ9Vδ2 T-cell stimulated by BrHPP and previously treated with Probucol (10 µM, overnight).
B Mean Fluo-8 AM intensity per γδ T-cell area (difference 5% max–5% min). C, D Flow cytometry analysis of the expression of CD69 and
CD107a and IFN-γ production by fresh purified Vγ9Vδ2 T cells activated by BrHPP or anti-CD3/CD28 beads previously treated with Probucol
(10 µM, overnight). (C A representative experiment; D Four independent experiments; black: Vγ9Vδ2 T cells activated by BrHPP; white: Vγ9Vδ2
T cells activated by anti-CD3/CD28 beads). Asterisk (*) indicates p < 0.05, Student’s paired t test; ns not significant
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elusive, and it must be known fully to understand the potential
reasons for the failure of therapeutic strategies involving Vγ9Vδ2
T cells [31]. Among these components, butyrophilins, such as
BTN3A1 and, more recently, BTN2A1, were shown to be key
costimulatory molecules during Vγ9Vδ2 T-cell activation by PAg-
sensing targets [18, 20, 21]. Several studies have demonstrated
that BTN3A1 acts as a PAg sensor thanks to the interaction of its
intracellular domain B30.2 with PAg [31–33] and to the coopera-
tion of three BTN3 isoforms necessary for complete activation [19].
Although BTN3A1 was not shown to be directly linked to γ9TCR
during PAg activation with a target cell, the interaction between
BTN2A1 and TCR was shown to be essential in this process, as was
the interaction between BTN2A1 and BTN3A1 [20, 21]. The
interaction of BTN3A1 and γ9TCR is still an open question, as
well as the possibility that BTN3A1 might serve as a chaperone
molecule that brings another ligand to the cell surface, also not
excluding the direct binding of BTN3A1 with γ9TCR [18].
All these discoveries were found in Vγ9Vδ2 T-cell activation in

the presence of an accessory or a target cell, i.e., tumor cells
naturally or pharmacologically overexpressing PAg or that were
pretreated with exogenous PAg. Some early studies reported that
Vγ9Vδ2 T cells could be activated directly by nonpeptidic
mycobacterial ligands or by synthetic BrHPP, but there was no
evidence of direct interaction of these PAgs and the TCR or other
membrane molecules on Vγ9Vδ2 T cells [34, 35]. Based on these
studies and others showing proliferation and production of IFN-γ
by resting pure Vγ9Vδ2 T cells or δ2TCR T-cell clones treated with
exogenous PAg and IL-2 [36–38], it seemed important to depict
the mechanism of this direct activation.
In this study, we confirmed that Vγ9Vδ2 T cells could be directly

activated by exogenous PAgs, i.e., BrHPP. We detected calcium
flux in isolated pure resting cells very quickly after contact with
exogenous PAg. The increase in intracellular calcium concentra-
tion was clearly shown to reflect TCR engagement and T-cell
activation. Indeed, this calcium modulation is necessary for
cytoskeletal remodeling during TCR signaling and the establish-
ment of T-cell responses (reviewed in ref. [39]). Flow cytometry
detection of the expression of CD107a, IFN-γ and CD69 and the
fratricide of Vγ9Vδ2 T cells following BrHPP stimulation was
consistent with self-activation. This phenomenon was also
confirmed by the impossibility of Vγ9Vδ2 T cells to play the role
of presenting cells for autologous resting Vγ9Vδ2 T cells.
Furthermore, we showed that a Vγ9Vδ2 T cell needs to be
stimulated by PAg to kill another Vγ9Vδ2 T cell after trogocytosis.
CD107a expression and dead cells were not observed for Vγ9Vδ2
T cells not prestimulated by exogenous PAg in coculture with
Vγ9Vδ2 T cells prestimulated by exogenous PAg (Fig. 1). A Vγ9Vδ2
T cell, therefore, cannot activate the TCR of another Vγ9Vδ2 T cell
by its PAg-sensed butyrophilins.
Interestingly, we did not detect any increase in intracellular

calcium concentration or expression of CD107a, IFN-γ and CD69 in
Vγ9Vδ2 T cells treated with zoledronate for 4, 18, or 4 days.
Aminobisphosphonate (ABP) treatments have been shown to
activate Vγ9Vδ2 T cells but always in the context of contact
between Vγ9Vδ2 T cells and accessory cells such as macrophages
or dendritic cells in PBMCs or tumor cells. Indeed, accessory cells
are generally pretreated with an ABP, such as zoledronate, to
activate the production of endogenous PAg that can bind to the
intracellular part of BTN [40–45]. The mechanism of action of
zoledronate on Vγ9Vδ2 T cells remains unsolved: are Vγ9Vδ2
T cells unable to accumulate endogenous PAg, or are they unable
to be activated by endogenous PAg?
PAg self-activation raised the question of the factors involved in

this process. We showed here that γ9TCR, BTN3A1 and BTN2A1
were involved in BrHPP self-activation, as the application of
blocking antibodies clearly decreased the calcium flux and
expression of CD107a, IFN-γ, and CD69 on Vγ9Vδ2 T cells.
Vγ9Vδ2 T-cell activation by anti-CD3/CD28 beads was, however,

not impacted by blocking antibodies, therefore supporting the
specific contribution of the three partners to BrHPP self-activation.
Vγ9Vδ2 T cells are consequently able to respond to exogenous
PAg through γ9TCR, BTN3A1 and BTN2A1, which are expressed at
their surface. The modulation of the membrane expression of each
of these membrane proteins also supports the PAg self-activation
of Vγ9Vδ2 T cells. We have indeed shown that γ9TCR can be very
quickly downregulated, similar to BTN2A1, while BTN3A1 was
upregulated later. This is consistent with previous results showing
the downregulation of the TCR following contact with PAg-
sensing targets [46, 47] and the modulation of the expression of
butyrophilins [19]. Modifications of the conformation of the
butyrophilins in the presence of PAgs could also favor a weaker
accessibility of antibodies to detect these proteins at the
membrane surface [20, 21]. Moreover, very recent work has
suggested that γ9TCR directly interacts with BTN2A1 at the target
surface and not with BTN3A1, while the latter was shown to
interact with BTN2A1 [20]. This could be accompanied by an
upregulation in expression or a change in conformation later than
for BTN2A1, as shown in Fig. 3C. The very rapid modulation of
γ9TCR and BTN2A1 membrane expression in the first minutes after
stimulation reflects the rapid modification of calcium flux
observed under PAg stimulation. TCR engagement induces the
modulation of calcium flux, which is mandatory for cytoskeletal
remodeling, allowing calcium signaling as well as NKG2D
costimulation, which leads to T-cell responses [39, 48]. Early
modulation of γ9TCR and BTN2A1 expression and modulation of
BTN3A1 are thus consistent with all of these observations.
Furthermore, the preexisting colocalization of γ9TCR, BTN3A1,

and BTN2A1, which form several clusters at the surface of Vγ9Vδ2
T cells, was not modified in response to PAg treatment, which is
consistent with the successive activation of isolated Vγ9Vδ2 T cells
reflected by an irregular calcium flux profile compared to the
uniform profile under ionomycin stimulation.
The sequence proposed by different studies, i.e., sensing of the

intracellular domain of BTN3A1, conformational modification of
BTN3A1, interaction with BTN2A1 and then interaction of BTN2A1
with γ9TCR [21, 44] could therefore be applied during PAg self-
activation on a single γδ T cell. However, to date, nothing has
been shown regarding the possible interaction of BrHPP and the
B30.2 intracellular part of BTN3A1, as has been demonstrated for
other PAgs, such as (E)-1-hydroxy-2-methyl-but-2-enyl 4-
diphosphate (HMBPP) [32]. If BrHPP were able to interact with
the B30.2 part of BTN3A1, the question is how this molecule can
penetrate inside Vγ9Vδ2 T cells. ABCA1 was shown to physically
associate with BTN3A1 on zoledronate-treated dendritic cells as a
function of extracellular IPP release [24]. ABCA1, as another (ATP)-
binding cassette (ABC) transporter, is a ubiquitous molecule
expressed at the plasma membrane with bifunctional action,
hydrolyzing ATP to ADP, and inorganic phosphate and exporting
molecules such as cholesterol or calpains [49, 50]. ABCA1 can bind
the extracellular domain of apolipoprotein A-I (apoA-I), which is
required for the assembly of nascent high-density lipoprotein
(HDL) mediating cholesterol transport [51]. Moreover, apoA-1 can
bind F1-ATPase, which was shown to be an important molecule
involved in Vγ9Vδ2 T-cell activation [52, 53]. These ABC
transporters, which can also form complexes with other proteins
to act as channels for export and import [49], can be inhibited by
probucol. Indeed, several studies have shown that probucol was
able to block cholesterol efflux, especially in smooth muscle cells,
in the same way as ABCA1-KO of these cells [54, 55]. However,
probucol was also shown to block ion channels, especially
potassium channels, in cardiac cells [56, 57]. Using probucol, we
showed in our study a clear decrease in Vγ9Vδ2 T-cell self-
activation by exogenous BrHPP, with a total inhibition of calcium
flux and CD107a and IFN-γ expression, while stimulation with anti-
CD3/CD28 beads was not impaired by pretreatment with
probucol. These results strongly suggested that exogenous BrHPP
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can penetrate inside Vγ9Vδ2 T cells through transporters inhibited
by probucol. This can be extended to the BrHPP sensing of tumor
cells thanks to the penetration of BrHPP through the same
transporters, including ABCA1. Indeed, pretreatment with BrHPP
in some lung cancer cell lines induced activation of Vγ9Vδ2
T cells [58].
Altogether, these results provide the first evidence that self-

activation of pure resting Vγ9Vδ2 T cells from blood by exogenous
PAg involves the γ9TCR, BTN3A1 and BTN2A1 organized in clusters
at the plasma membrane. Some transporters associated with
BTN3A1, such as ABCA1, could be considered critical for the
entrance of PAgs into Vγ9Vδ2 T cells before activation of the B30.2
domains of BTN3A1.
Even though Vγ9Vδ2 T cells are now widely considered highly

potent antitumor effectors, γδ T cell-based therapies with
exogenous PAgs are lacking in efficacy. Self-activation with
exogenous PAgs such as BrHPP leading to the autologous killing
of Vγ9Vδ2 T cells could therefore contribute to this failure, in
addition to their possible exhaustion and/or anergy.
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