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Introduction

Gammadelta (gd) T cells are unconventional T lymphocytes
involved in stress response to injured, infected or transformed
tissues.1,2 The majority of circulating gd T lymphocytes belong
to the Vd2 subset and are able to recognize unprocessed non-
peptide molecules, namely phosphoantigens (PAg) derived via
the mevalonate or the 1-deoxy-D-xylolose-5-phosphate path-
way in mammalian or bacterial cells, respectively.1-5 gd T cells
also bind to stress-inducible MHC-class I related MICA and
MICB molecules, and UL16-binding proteins (ULBPs) induced
or up-regulated at the cell surface by viral infections or tumor
transformation.6-8 Recognition of these molecules, also called
NKG2D ligands (NKG2D-L), is mediated by the NKG2D
receptor, expressed on both αβ and gd T cells.7,9-11 Another type
of gd T-cell activation is represented by antibody-opsonized
cells or micro-organisms through the binding of IgG Fc by the
Fcg receptor III CD16, which mediates the so-called antibody-
dependent cell-mediated cytotoxicity (ADCC).2,12 Upon acti-
vation, gd T cells also  secrete pro-inflammatory and anti-

tumor Th1 cytokines, including interferon (IFN)g and tumor
necrosis factor (TNF)α.1,2 Due to their peculiar antigen recogni-
tion and mechanism of activation, all gd T cells are thought to
participate in anti-tumor surveillance in several cancer types,
including hematologic malignancies.6,8,13-18 Moreover, different
drugs can be exploited to enhance each mechanism of gd T-cell
activation. First, aminobisphosphonates (N-BPs) commonly
used to treat bone diseases and hypercalcemia in myeloma
patients, have been shown to activate Vd2 T cells by blocking
protein prenylation along the cholesterol synthesis pathway
and accumulating phosphorylated metabolites.3-5,19-22 Second,
transretinoic acid and sodium valproate, employed in the
treatment of acute myeloid leukemias, can induce surface
expression of MICA/B and some ULBPs.1,8,23-25 Third, the anti-
CD20 monoclonal antibody (mAb) rituximab, included in
recent years in the therapeutic schemes for chronic lympho-
cytic leukemias (CLL) and B-cell lymphomas, can trigger
ADCC in Vd2 T cells.12,21,26 In addition, stimulation by PAg,
accumulated in dendritic and also in cancer cells upon expo-
sure to N-BPs, drives Vd2 T-cell maturation from naive to
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lymphomas, on effector functions and differentiation of Vdelta (d)2 T lymphocytes. We show that: i) lymph-node
mesenchymal stromal cells of non-Hodgkin’s lymphoma inhibit NKG2D-mediated lymphoid cell killing, but not rit-
uximab-induced antibody-dependent cell-mediated cytotoxicity, exerted by Vd2 T lymphocytes; ii) pre-treatment of
mesenchymal stromal cells with the aminobisphosphonates pamidronate or zoledronate can rescue lymphoma cell
killing via NKG2D; iii) this is due to inhibition of transforming growth factor-β and increase in interleukin-15 produc-
tion by mesenchymal stromal cells; iv) aminobisphosphonate-treated mesenchymal stromal cells drive Vd2 T-lym-
phocyte differentiation into effector memory T cells, expressing the Thelper1 cytokines tumor necrosis factor-α and
interferon-g. In non-Hodgkin’s lymphoma lymph nodes, Vd2 T cells were mostly naïve; upon co-culture with autol-
ogous lymph-node mesenchymal stromal cells exposed to zoledronate, the percentage of terminal differentiated
effector memory Vd2 T lymphocytes increased. In all non-Hodgkin’s lymphomas, low or undetectable transcription
of Thelper1 cytokines was found. In diffused large B-cell lymphomas and in a group of follicular lymphoma, tran-
scription of transforming growth factor β and interleukin-10 was enhanced compared to non-neoplastic lymph
nodes. Thus, in non-Hodgkin lymphomas mesenchymal stromal cells interfere with Vd2 T-lymphocyte cytolytic
function and differentiation to Thelper1 and/or effector memory cells, depending on the prominent in situ cytokine
milieu. Aminobisphosphonates, acting on lymph-node mesenchymal stromal cells, can push the balance towards
Thelper1/effector memory and rescue the recognition and killing of lymphoma cells through NKG2D, sparing ritux-
imab-induced antibody-dependent cell-mediated cytotoxicity. 
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effector-memory (EM) cells, many of which express CD16
at the cell surface.12,19,27 In this regard, we and others have
described that gd T lymphocytes are involved in the sur-
veillance against acute myeloid leukemias, multiple myelo-
ma, CLL, Hodgkin’s (HL) and non-Hodgkin’s lymphomas
(NHL)13-26 by the means of one or another of the abovemen-
tioned mechanisms (i.e. PAg recognition, cytotoxicity of
targets expressing stress-related molecules, ADCC). In
turn, the tumor microenvironment can inhibit the develop-
ment of an efficient anti-tumor response.12,28-30 In particular,
we have recently described that gdT cells from the lymph
nodes (LN)  of HL patients co-cultured in vitro with autolo-

gous lymph-node derived mesenchymal stromal cells
(LNMSC) strongly reduced their cytolytic activity against
NKG2D-L+ HL target cells.31
Here, LNMSC from NHL lymph nodes have been

derived to study their impact on effector functions and dif-
ferentiation of Vd2 anti-tumor T lymphocytes.
Furthermore, we have analyzed whether N-BPs can affect
the LNMSC-mediated influence on Vd2 T cells. We found
that: i) LNMSC selectively inhibit NKG2D-mediated lym-
phoid cell killing, but not rituximab-mediated ADCC,
exerted by Vd2 T cells; ii) NKG2D-dependent killing is res-
cued upon pre-treatment of LNMSC with the N-BPs
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Figure 1. N-BPs prevent the inhibition of NKG2D-mediated lymphoid cell killing and NKG2D downregulation induced by LNMSC on Vδ2 T cells.
Vd2 T cells isolated from PBMC were cultured with IL2 alone (white columns) or with IL2 and either untreated LNMSC or LNMSC pre-treated
for 12 h with Pam (5 mg/mL) or Zol (1 mg/mL) at the 1:10 LNMSC:Vd2 T ratio (gray columns). Some samples were treated for 48 h with mev-
astatin (Meva, 10 mM) and Zol added during the last 12 h. In some experiments, Vd2 T cells were pre-treated with Pam or Zol in order to
exclude any possible direct effect of NBPs on these cells. On Day 5, Vd2 T cells were harvested and used in a redirected killing assay against
the P815 cell line in the presence of the anti-NKG2D or the anti-CD16 mAb or an unrelated mAb (UnmAb) matched for the isotype (all at 5
mg/mL) (A), or in an ADCC assay against the C1R (B), or the C1R-MICA+ lymphoid cell lines (C), in the presence of the anti-CD20 therapeutic
antibody rituximab (20 mg/mL, RTX). In some experiments, Vd2 T cells were exposed to saturating amounts (5 mg/mL) of anti-NKG2D mAb
before adding the C1R or the C1R-MICA+ targets. The effector-target (E:T) ratio was 10:1. Target cells were labeled with 51Cr and used in a
standard 4-h cytolytic assay. Results are shown as percentage of 51Cr specific release and are the mean±SD from 6 experiments. (A) *P<0.005
versus Vd2 T cells without mAb or with UnmAb; **P<0.001 versus NKG2D-triggered Vd2 T cells not co-cultured with LNMSC; ***P<0.001 ver-
sus Vd2 T cells co-cultured with untreated LNMSC. (B and C) *P<0.001 versus Vd2 T cells not co-cultured with LNMSC or in the absence of
mAbs; **P<0.001 versus Vd2 T cells after co-culture with LNMSC. (D) Transcription of NKG2D in Vd2 T cells before (white column) or after
(gray columns) co-culture with LNMSC either untreated or treated with Pam (5 mg/mL) or Zol (1 mg/mL) or Meva (10 mM), as indicated. Q-RT-
PCR was performed with the fluorescent Taqman method. mRNAs were normalized to RPLP0 as a control gene and referred to a standard
curve. After subtracting the threshold cycle (CT) value for RPLP0 from the CT values of the target genes, results were expressed as ΔCT.
*P<0.001 versus Vd2 T cells not co-cultured with LNMSC (white columns); **P<0.001 versus Vd2 T cells co-cultured with LNMSC, with or with-
out Meva (light gray columns). (E) FACS analysis of expression of NKG2D or CD16 by immunofluorescence using the specific mAbs followed
by isotype specific PE-GAM before (dark gray) or after (gray) co-culture with LNMSC either untreated (medium) or treated with Pam (5 mg/mL)
or Zol (1 mg/mL). Empty histograms show Vd2 cells stained with an unrelated mAb (un-mAb) followed by PE-GAM (histograms of Vd2 T cells
from LNMSC co-cultures stained with un-mAb were exactly superimposable; data not shown). Results are expressed as log red fluorescence
intensity (a.u.) versus number of cells and are from one representative experiment out of 6. (F) Vd2 T cells harvested from the indicated culture
conditions were analyzed for NKG2D expression. In some experiments cultures were performed with an anti-TGFβ mAb (5 mg/mL) as indicated.
Results are shown as mean fluorescence intensity (MFI) of NKG2D expression and are the mean±SD from 6 experiments. *P<0.005 versus
Vd2 T cells not co-cultured with LNMSC (white column); **P<0.001 versus Vd2 T cells after co-culture with LNMSC. Statistical analysis: two-
tailed Student’s t-test. 
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pamidronate or zoledronate; ii) the recovery is due to inhi-
bition of TGFβ and increase in interleukin (IL)15 produced
by LNMSC; iii) N-BPs-treated  LNMSC drive Vd2 T-lym-
phocyte differentiation into EM cells, producing Th1-type
cytokines in vitro. 
In all NHL LN specimens, low or undetectable transcrip-

tion of Th1 cytokines (TNFα, IFNg) was found whereas
transcription of TGFβ and IL10 was enhanced, compared
to non-neoplastic LN. Moreover, at the tumor site, Vd2 T
cells were mostly naïve. Upon co-culture with autologous
LNMSC exposed to zoledronate, the percentage of Vd2 T
cells increased and displayed terminal differentiated EM
phenotype. 

Methods

Patient
Forty-eight patients with NHL were analyzed at the

Department of Hematology, University of Genoa, Italy: 30 follic-
ular lymphomas (FL), 18 diffuse large B-cell lymphomas (DLCL)
(Online Supplementary Table S1).32 LN bioptic specimens were
obtained under diagnostic procedures, after informed consent and
IRB approval (n. 0026910/07, 03/2009). Paraffin-embedded LN
samples were processed at the Pathology Department. Fifteen
non-neoplastic LN were also studied. 

Methods
Zoledronic acid was provided (Zol) by Novartis Pharma (MTA

37318, Basel, Switzerland,). Pamidronate (Pam), mevastatin
(Meva) and mevalonate were from Sigma Chemical Co. Vd2T
cells were isolated using anti-Vd2 (BB3) mAb and EasySep kit
(Stemcell Technologies). Purity of Vd2T cells was over 99%.
LNMSC were isolated and cultured as described (Online
Supplementary Appendix).30,31 Co-cultures of LNMSC and Vd2T
lymphocytes, or LNMSC and autologous LN cell suspensions
were perfomed at the ratio of 1:10.31 LNMSC  were used either
untreated or pre-treated for 12 h with Pam 5 mM or Zol 1 mM, or
48 h with Meva 10 mM, and N-BPs added during the last 12 h.
Cells were washed prior to co-cultures. N-PBs doses have been
chosen as effective on gd T-cell proliferation and absence of toxic
effects, according to the literature,5,20 determined in preliminary
experiments. The morphological effects of mevastatin on LNMSC
were evaluated by confocal analysis of actin rearrangement
(Online Supplementary Appendix).30 The effects of N-BPs on LNMSC
viability were assessed using MTT assay. In some experiments,
the anti-TGFβ mAb (1D11, R&D System) was added to co-cul-
tures. Supernatants (SN) were recovered for cytokine measure-
ment after 48 h. Vd2 T cells were evaluated for cytotoxicity (Day
5), cell proliferation or phenotype (Days 5, 10 and 14). After label-
ing of Vd2T cells with CFSE, proliferation was measured by FACS
analysis calculating the decrease in green fluorescence intensity.
Data were analyzed with Modfit 3.1 computer program (Verity
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Figure 2. Effects of N-BPs on TGFβ or IL15 expression in LNMSC and IL10, TNFα, IFNg production in Vd2 T cells. Cultures of LNMSC or Vd2 T
cells alone or co-cultures of LNMSC and Vd2 T cells (at 1:10 LNMSC: Vd2 T-cell ratio) were performed in medium with IL2. In some experi-
ments, LNMSC were pre-treated for 12 h with Pam (5 mg/mL) or Zol (1 mg/mL), as indicated. On Day 5, LNMSC (adherent cells) (A and B) or
Vd2 T cells (non-adherent cells) (E-G) were recovered and evaluation of mRNA transcription levels for TGFβ (A), IL15 (B), IL10 (E), TNFα (F) or
IFNg (G) was performed by Q-RT-PCR using specific probes with the fluorescent Taqman method. mRNAs were normalized to RPLP0 as a con-
trol gene and referred to a standard curve. After subtracting the threshold cycle (CT) value for RPLP0 from the CT values of the target genes,
results were expressed as ΔCT. White columns: LNMSC (A and B) or Vd2 T cells (E-G) cultured alone; gray columns LNMSC (A and B) or Vd2 T
cells (E-G) from LNMSC-Vd2 T-cell co-cultures. Results are the mean±SD from 6 experiments. (A and B) *P<0.005 versus LNMSC alone;
**P<0.001 versus LNMSC alone or versus untreated LNMSC co-cultured with Vd2 T cells; ***P<0.005 versus untreated LNMSC. (E-G)
*P<0.001 versus Vd2 T cells alone. **P<0.001 versus LNMSC-Vd2 T-cell co-cultures. TGFβ (C), IL-15 (D) measured by ELISA in the SN of
LNMSC untreated (medium) or pre-treated with Pam (5 μg/mL) or Zol (1 μg/mL), as indicated. *P<0.001 versus untreated LNMSC (medium).
TNFα (H) or IFNγ (I) measured by ELISA in the SN of Vd2 T cells cultured alone (IL2) or co-cultured with untreated LNMSC (none) or LNMSC
pre-treated with Pam or Zol. Results are expressed as pg/mL/106 cells and are the mean±SD from 6 experiments. *P<0.001 versus Vd2 T
cells alone (IL2); ** P<0.001 versus untreated LNMSC-Vd2 T-cell co-cultures (none). Statistical analysis: two-tailed Student’s t-test. 
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Software House). Immunofluorescence was performed as
described.31 Samples were run on CyAnADP flowcytometer
(Beckman Coulter). Results are expressed as log mean fluorescence
intensity (MFI) or percentage of positive cells. TGFβ, IL15, IL10,
TNFα or IFNg were quantified by ELISA (eBioscience or
PeproTech), compared to a standard curve. Cytolytic activity of
Vd2T cells was analyzed in a 4-h51Cr-release assay against the C1R
or the MICA-transfected C1R-MICA (provided by A. Steinle,
Frankfurt, Germany) or LYB8 or KARPAS human cell lines, or
untreated or N-PBs treated LNMSC. In some samples, effector
cells were exposed to anti-NKG2D mAb prior to the cytotoxicity
assay.23 For redirected killing, the P815 murine target cell line was
used in the presence of anti-NKG2D or anti-CD16 mAb.33 ADCC
assay was performed using the anti-CD20 antibody rituximab and
the CD20+ cell lines C1R or C1R-MICA+ as targets. Also, Vd2 T
cells were used as effector cells after five days of co-culture with
either untreated or N-BPs-treated LNMSC. RNA extraction and
cDNA synthesis were performed as described.31 Q-RT-PCR for
TGFβ, IL4, IL12, IL15, IL10, TNFα, IFNg, GATA3, TXB21, STAT1,

STAT5, STAT6 was performed on the 7900HT FastRT-PCR sys-
tem (Applied Biosystems) with fluorescent Taqman method.
mRNAs were normalized to RPLP0, referred to a standard curve
and results were expressed as ΔCT.

34,35 Statistical analysis was per-
formed using a two-tailed Student’s t-test. Further details are avail-
able in the Online Supplementary Appendix. 

Results

LNMSC inhibit NKG2D-mediated lymphoid cell killing
but not ADCC
Data from 48 NHL patients (30 FL, 18 DLCL), who had

been classified according to the WHO classification, were
analyzed (Online Supplementary Table S1).32
Co-culture of Vd2 T lymphocytes with LNMSC (Online

Supplementary Appendix and Online Supplementary Figure
S1) was performed as described (Online Supplementary
Appendix).31 On Day 5, Vd2 T cells were recovered and
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Figure 3. N-BPs-treated LNMSC drive Vd2 T lymphocyte to effector memory T cells. (A and B) Peripheral blood T lymphocytes (A) or CFSE-
labeled purified Vd2 T cells (B) were co-cultured with LNMSC, either untreated or pre-treated for 12 h with Pam (5 mM) or Zol (1 mM), as indi-
cated. On Day 10, percentage of Vd2 T cells was evaluated by immunofluorescence using the anti-Vd2 mAb PE-BB3 and FACS analysis (A).
Mean±SD from 4 experiments. *P<0.001 versus T or Vd2 cells cultured on untreated LNMSC. (B) Proliferation was assessed on the basis of
the decreased green (CFSEdull) fluorescence of dividing cells. Data were analyzed by the Modfit 3.1 computer program and expressed as cell
number/generation of proliferating cells. (C and D) Immunophenotype of Vd2 T cells cultured alone or co-cultured for 10 days with untreated
or Pam or Zol pre-treated LNMSC, as indicated, stained with APC-anti-CD27 or PE-anti-CCR7 and FITC-anti-CD45RA. (C) Results are expressed
as percentage of effector memory (EM) T cells, i.e. CD45RA-CD27- (white columns) or CD45RA-CCR7- cells (gray columns). Mean±SD from 6
experiments. *P<0.001 versus Vd2 T cells in the absence of LNMSC; **P<0.001 versus Vd2 T cells co-cultured with untreated LNMSC. (D) Vd2
T cells alone (medium, left dot plots) or Vd2 T cells co-cultured with untreated or treated LNMSC, as indicated, were stained as in (C). Results
are expressed as log green fluorescence intensity (x-axis, MFI, a.u.) versus either log far red (first row) or red (second row) fluorescence intensity
(y-axis, MFI, a.u.). One representative experiment out of 6 is shown. Percentages of positive cells in each quadrant show the naive (N, upper
right, double positive), central memory (CM, upper left, CD45RA– and CD27+ or CCR7+), effector memory (EM, lower left, double negative), and
terminally differentiated effector memory (TEMRA, lower right, CD45RA+ but CD27– or CCR7–) cells.  Statistical analysis: two-tailed Student’s
t-test.
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used in a redirected killing assay against the FcgR+ P815 cell
line (Figure 1A), or in ADCC assay against the C1R
NKG2D-L+ CD20+ lymphoid cell line (Figure 1B and C).
The redirected killing assay was used to explore the effi-
ciency of a given receptor expressed by T cells in deliver-
ing an activation signal. When an antibody to a triggering
receptor (such as NKG2D) is added, cell lysis can be acti-
vated due to the bridge occurring between target (through
FcgR) and effector cells (re-directed killing). The C1R
NKG2D-L+CD20+ cell line was used to mimic lymphoid
cells recognized by Vd2 T cells through NKG2D activating
receptor and to check the effectiveness in ADCC assay to
the therapeutic anti-CD20 antibody rituximab. As Vd2 T
cells were sorted by positive anti-TCR selection, this pro-
cedure might have provided a stimulus making cells more
responsive to NKG2D stimulation. Nevertheless, Vd2T
cells were used five days after the separation and cultured
(in the presence or not of untreated or N-BPs-treated
LNMSC) in IL2-containing medium (Online Supplementary
Appendix). We found that basal cytolytic activity exerted
by Vd2 T cells against P815 was extremely low (approx.
5%) (Figure 1A) as expected, since the murine P815 cell
line is not a good target for human T cells. Interestingly, in

the presence of anti-NKG2D or anti-CD16 mAb, cytotox-
icity rose up to 25% and 55%, respectively (Figure 1A). An
unrelated mAb matched for isotype did not trigger P815
cell lysis (data not shown). 
Interestingly, upon co-culture with LNMSC, Vd2 T lym-

phocytes strongly reduced their capability for re-directed
killing when the anti-NKG2D mAb was used, whereas
P815 cytotoxicity triggered by the anti-CD16 mAb was
preserved (Figure 1A). Co-culture with LNMSC led to a
significant decrease in cultured Vd2 T-cell killing of lym-
phoid cell line C1R (approx. 50% of inhibition) (Figure 1B)
or C1R expressing higher levels of the NKG2D-L MICA
(Figure 1C for C1R-MICA, approx. 70% of inhibition).
The covering of NKG2D with specific anti-NKG2D mAb
strongly decreased (by 50%) cytolysis of C1R or C1R-
MICA (Figure 1B and C) indicating that NKG2D-NKG2D-
L interaction is involved in cell killing. On the other hand,
it is worthy of note that ADCC triggered by rituximab
was not affected by LNMSC co-culture (Figure 1B for C1R
and Figure 1C for C1R-MICA). These data suggest that
LNMSC affect the recognition of NKG2D-L, sparing the
ability of Vd2 effector cells to exert ADCC. 
Further experiments showed that LNMSC induce the
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Figure 4. Vd2 T-lymphocyte phenotype in NHL in situ. (A and B) Cell suspensions obtained from 5 DLCL, 5 FL NHL and 3 non-neoplastic LN
were analyzed for phenotype by FACS analysis. (A) Upper dot plots: cells stained with the VioBlue anti-CD3 and the FITC anti-Vd2 mAbs. Lower
dot plots: gate on Vd2 T cells, double staining with PE-anti-CD45RA and APC anti-CD27 mAbs. One representative experiment; results are
expressed as log violet (x-axis, MFI, a.u.) versus log green fluorescence intensity (first row) or log red (x-axis, MFI, a.u.) versus log far red (sec-
ond row) fluorescence intensity (y-axis, MFI, a.u.). Percentages of positive cells in each quadrant of the lower row show the naive (N, upper
right, double positive), central memory (CM, upper left, CD45RA–CD27+), effector memory (EM, lower left, double negative) and terminally dif-
ferentiated effector memory (TEMRA, lower right, CD45RA+ CD27–) cells. (B) Results are expressed as percentage of naive (double positive)
Vd2 T cells; mean±SD from 3 non-neoplastic LN (dark gray columns), 5 FL (white columns) and 5 DLCL (gray columns) cell suspensions.
*P<0.001 versus LN. (C) Cell suspensions from FL (white columns) or DLCL (gray columns) were co-cultured with autologous LNMSC, either
untreated or pre-treated for 12 h with Zol (1 mM), as indicated. On Day 14, percentage of Vδ2 T cells was evaluated by immunofluorescence
using the anti-Vd2 mAb FITC-γd123 and the VioBlue anti-CD3 and FACS analysis; mean±SD from 5 FL and 5 DLCL. *P<0.001 versus cell sus-
pensions cultured with IL2 alone, or on untreated or Zol-treated LNMSC. (D and E) Immunophenotype of cells co-cultured for 14 days alone
(IL2) or with untreated or Zol pre-treated LNMSC, stained with VioBlue anti-CD3, FITC anti-Vδ2 mAbs, APC-anti-CD27 and PE-anti-CD45RA. (D)
One representative experiment, gate on Vd2 T cells. Results are expressed as log red fluorescence intensity (x-axis, MFI, a.u.) versus log far
red fluorescence intensity (y-axis, MFI, a.u.); percentage of CM, N, EM and TEMRA in each panel of the lower row. (E) Results are expressed
as percentage of TEMRA Vd2 T cells, i.e. CD45RA+CD27–. Mean±SD from 2 experiments with FL (white columns) and 2 with DLCL (gray
columns) cell suspensions. *P<0.001 versus cells versus cells co-cultured with untreated LNMSC. Statistical analysis: two-tailed Student’s t-
test.
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downregulation of transcription (Figure 1D) and expres-
sion (Figure 1E and F) of the NKG2D receptor in Vd2 T
cells, at variance with CD16 (Figure 1E). This is likely to be
due to TGFβ production by LNMSC as an anti-TGFβ was
able to neutralize NKG2D downregulation (Figure 1F).  

N-BPs can rescue the ability of Vd2 T cells to recognize
lymphoid cells via NKG2D
When LNMSC were exposed overnight to pamidronate

(Pam 5mM) or zoledronate (Zol 1mM), the inhibitory effect
exerted by LNMSC on NKG2D-mediated cytotoxicity
was not observed, either in a redirected killing (Figure 1A)
or in a cytolytic assay against C1R or C1R-MICA+ lym-
phoid targets (Figure 1B and C). N-BPs doses and time
points were selected on the basis of preliminary experi-
ments, showing that N-BPs did not change LNMSC phe-
notype (Online Supplementary Figure S1) and were not toxic
for these cells, as demonstrated by the MTT assay (Online
Supplementary Figure S2). 
Interestingly, the inhibitory effect of LNMSC on Vd2 T-

cell cytotoxic activity was also found when two lym-
phoma cell lines (LYB8 and KARPAS) were used as targets
(Online Supplementary Figure S3A and B). Also in this case,
the inhibition could be prevented by pre-treatment of
LNMSC with Zol, whereas Pam did not display any effect
(Online Supplementary Figure S3A and B). Interestingly,
treatment of LNMSC with N-BPs prevented the downreg-
ulation of transcription (Figure 1D) and expression (Figure
1E and F) of the NKG2D receptor in Vd2 T cells. The
inhibitor of synthesis of mevalonate, which is a precursor
of endogeneous pyrophosphates, mevastatin at doses (10
mM) and timing (48 h) efficient in inducing marked mor-
phological changes in LNMSC related to actin cytoskele-
ton rearrangement (Online Supplementary Figure S4), did
not counteract the action of N-BPs on LNMSC related to
either cytotoxicity (Figure 1C and Online Supplementary
Figure S4B) or NKG2D expression (Figure 1D and F). As
mevalonate reverted the mevastatin-mediated effects on
LNMSC (Online Supplementary Figure S4), this may suggest
that pyrophosphates may not be involved in the N-BPs-
mediated short-term effects. Accordingly, the effect of N-
BPs was conceivably due to the prevention of TGFβ-medi-
ated downregulation of NKG2D in Vd2 effector T cells.
Indeed, zoledronate could decrease the transcription of
TGFβ in LNMSC (Figure 2A). Pre-treatment with N-BPs
prevented also the increase of TGFβ in LNMSC that fol-
lows co-culture with Vd2 T cells (Figure 2A). Since TGFβ
may be expressed also by Vd2 T cells, we determined that
the fraction of contaminating Vd2 T cells in LNMSC sam-
ples used for evaluating TGFβ transcription was always
less than 2%, as assessed by immunofluorescence (data
not shown). On the other hand, IL15 transcription was up-
regulated in LNMSC by exposure to Pam or Zol (Figure
2B). Although not statistically significant, due to the het-
erogeneity in TGFβ basal production among the different
LNMSC used (n=6), TGFβ measured in the SN decreased
upon treatment of LNMSC with Pam or Zol (Figure 2C),
while IL15 significantly increased in the SN of LNMSC
treated with Pam or Zol (Figure 2D). In Vd2 T cells, IL10
transcription increased upon co-culture with untreated
LNMSC but not when LNMSC were pre-treated with
Pam or Zol (Figure 2E). No significant variations in IL10
content in the SN (ranging from 8 to 12 pg/mL) was found
(data not shown), possibly due to the rapid turnover of the
cytokine once secreted. In turn, LNMSC exposed to N-BPs

induced TNFα and IFNg transcription (Figure 2F and G,
respectively) and secretion (Figure 2H and I, respectively)
in Vd2 T cells. The treatment of LNMSC with mevastatin
for 48 h and N-BPs added during the last 12 h of incuba-
tion, did not affect the ability of LNMSC to stimulate
TNFα and IFNg production in Vd2 T cells (Online
Supplementary Figure 3C and D). Thus, Vd2 T cells co-cul-
tured with N-BPs pre-treated LNMSC display a Th1
cytokine pattern, whereas untreated LNMSC induce the
transcription of the regulatory cytokine TGFβ. 

N-BPs-treated LNMSC drive Vd2 T-lymphocyte 
differentiation into effector memory cells
We further analyzed whether untreated or N-BPs-treat-

ed LNMSC affect the proliferation and/or differentiation
of different Vd2 T-cell subsets. As shown in Figure 3A,
when CFSE-labeled T cells were cultured with Pam- or
Zol-pre-treated LNMSC, a significant growth of Vd2 T
cells was observed, at variance with co-cultures with
untreated LNMSC. This was also observed using purified
Vd2 T cells evaluating the increase in proliferating genera-
tions compared to parental cell population (Figure 3B). 
Given that treatment of LNMSC with either Pam or Zol

induced on one hand the decrease in TGFβ and IL10 (reg-
ulatory cytokines)36,37 production together with increased
expression of TNFα and IFNg (Th1 type cytokines),36 and
on the other hand stimulated Vd2 T-cell proliferation, we
asked whether variations in Vd2 T-cell subsets related to
their effector functions occurred during co-culture. On the
basis of immunophenotyping, four effector cell subsets
can be recognized: naive (N, CD45RA+CD27+CCR7+) and
central memory (CM, CD45RA–CD27+CCR7+) both with
proliferative capacity but low effector functions, effector
memory (EM, CD45RA–CD27-CCR7–), and terminally dif-
ferentiated effector memory (TEMRA,
CD45RA+CD27–CCR7–), displaying efficient cytotoxic
activity and cytokine production.27 Vd2 T cells isolated
from peripheral blood of healthy donors were 10±2% N,
10±3% CM, 50±5% EM and 30±2% TEMRA (data not
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Table 1. Expression of genes characterizing the different Th subsets in
NHL lymph nodes.

DLCL FLI FLII LN
(n=18/18) (n=24/30) (n=6/30) (n=15)

IL4 1±0.5 10±2 1±0.5 1±0.5
IL10 12±2 1±0.5 8±2 2±0.9
IL12 1±1 2±1 1±1 2±0.9
IL15 2±1 4±1 6±1 3±0.8
TGFg� 10±2 1±0.4 14±2 1±0.5
IFNα 1±0.5 1±0.5 1±0.2 1±0.2
TNFα 1±0.5 6±1 1±0.5 2±0.2
GATA3 1±0.5 10±2 2±0.9 1±0.2
TXB21 1±0.5 3±1 1±0.5 1±0.5
STAT1 1±0.2 1±0.5 1±0.2 1±0.4
STAT5 8±1 1±0.5 4±1 1±0.5
STAT6 1±0.5 12±2 1±0.5 1±0.5
Q-RT-PCR was performed after mRNA extraction and reverse transcription on cDNA
samples using specific primes with the Taqman method.  mRNAs were normalized to
RPLP0 as a control gene and referred to a standard curve.  After subtracting the thresh-
old cycle (CT) value for RPLP0 from the CT values of the target genes, results were
expressed as ΔCT. NHL: non-Hodgkin’s lymphomas; DLCL: diffuse large B-cell lymphoma;
FL: follicular lymphoma; LN: sentinel lymph node. Results are the mean±SD from 18
DLCL; 6 or 24 FL, 15 LN.



shown). Immunophenotyping on Day 10 of culture
showed that the percentage of EM Vd2 T cells decreased
upon co-culture with LNMSC (from 70±5% in IL2 alone
to 58±6%, Figure 3C and D). In contrast, when LNMSC
were pre-treated with Pam 5 mM or Zol 1 mM, the percent-
age of EM Vd2 T cells remained stable in the case of Pam
treatment (from 70±5% to 70±4%) or significantly
increased in the case of Zol exposure (from 70±5% to
88±3%) (Figure 3C and D). On the other hand, after co-
culture with LNMSC, the N-cell population increased
from approximately 5% to 16%, whereas it was almost
undetectable (1-2%) when LNMSC were pre-treated with
Zol (Figure 3D). 

Prevalence of naive Vd2 T lymphocytes and of 
regulatory cytokine pattern in NHL
To characterize which Vd2 T-cell population (in particu-

lar N vs. EM) was present in situ in NHL and define the role
of autologous LNMSC in the differentiation of the differ-
ent Vd2 T-cell subsets, samples of LN cell suspensions
obtained from DLCL (n=5), FL NHL (n=5) and non-neo-
plastic LN (n=3) were examined for Vd2 T-cell phenotype
by FACS analysis. In 4 cases (2 FL and 2 DLCL) co-cultures
with autologous LNMSC, either untreated or exposed to
Zol, were assessed. First, the percentage of Vd2 T cells
among T lymphocytes of NHL LN cell suspensions was
approximately 11±5% in FL versus 3±1% in DLCL and ver-
sus 6±2% in non-neoplastic LN (data not shown). As shown
in Figure 4 (A and B), Vd2 T cells were mostly naive
(CD45RA+CD27+) in FL and in DLCL, compared to non-
neoplastic LN where more than one-third of these cells
displayed a central memory (CD45RA–CD27+) phenotype.
Upon co-culture with autologous LNMSC, the percentage
of Vd2 T cells increased when LNMSC were pre-treated
with Zol, while untreated LNMSC did not induce a rise in
Vd2 T cells (Figure 4C). Among Vd2 T cells cultured in IL2
alone, approximately 60% were naive, with 40% of
TEMRA cells (Figure 4D and E). Interestingly, the percent-
age of TEMRA cells decreased (approx. 30%) upon co-cul-
ture with autologous LNMSC. In turn, this subset was res-
cued when LNMSC were pre-treated with Zol (>80%)
(Figure 4D and E).  
When LN sections (18 DLCL, 30 FL, 15 non-neoplastic

LN) were analyzed by Q-RT-PCR for the expression of
genes related to Th1/Th2 cytokines, we found low or
undetectable transcription of Th1 cytokines (TNFα,
IFNg)36 in all NHL. Moreover, in all DLCL studied, tran-
scription of TGFβ, IL10 and STAT5, related to TGFβ,37 was
increased, compared to non-neoplastic LN (Table 1). On
the other hand, most FL (two-thirds, FLI) displayed high
levels of transcription of IL4, GATA3, and STAT6, that is a
Th2 pattern,36 and low TGFβ and IL10 (Table 1). A small
fraction (one-third) of FL (FLII) showed the same pattern
of DLCL, that is overexpression of TGFβ and IL10. No dif-
ferences in IL12 expression were found in DLCL or FL
compared to LN (Table 1). 

Discussion 

Results show that: i) LNMSC derived from NHL inhibit
NKG2D-mediated lymphoid cell killing but not rituximab-
induced ADCC exerted by peripheral blood Vd2 T cells; ii)
pre-treatment of LNMSC with N-BPs can rescue the abili-
ty of Vd2 T cells to kill lymphoid cells via NKG2D; iii) this

is related to inhibition of TGFβ and increase in IL15 pro-
duction by LNMSC; iv) N-BPs-treated LNMSC drive Vd2
T-lymphocyte differentiation into EM T cells, expressing a
Th1-type cytokine pattern; v) at the tumor site, Vd2 T cells
were mostly naive both in DLCL and FL; iv) upon co-cul-
ture with autologous LNMSC exposed to zoledronate, the
percentage of Vd2 T cells with terminal differentiated EM
phenotype increased. 
It is commonly accepted that gd T cells have innate-like

characteristics that allow their rapid activation through
NKG2D, following recognition of stress-induced ligands
on lymphoma cells.1,15,24,31 Upon activation, gd T cells
become cytotoxic and secrete pro-inflammatory and anti-
tumor Th1 cytokines, including IFNg and TNFα.1,2
However, here we provide evidence that LNMSC, within
the NHL microenvironment, may impede this activation
by two ways: the former, through the downregulation of
NKG2D expression following TGFβ production, the latter
by inhibiting the Vd2 T-lymphocyte differentiation to EM
cells (CD45RA–CD27–CCR7–). Indeed, at the tumor site,
we found a predominance of naive Vd2 T lymphocytes,
together with a deficient Th1 (IFNg, TNFα) cytokine pat-
tern. Moreover, in all DLCL and in a fraction of FL, a reg-
ulatory (TGFβ, IL10) cytokine pattern was predominant.
Naive Vd2 T cells were also present in the group of FL
expressing the Th2 cytokine IL4 and the related genes
GATA3 and STAT6, with low TGFβ and IL10. In all cases,
low levels of transcription of IL12, a cytokine involved in
Th1 differentiation,36 was observed.
Also others have demonstrated that TGFβ interferes

with gd T-cell functions. Indeed, it  is a regulatory cytokine
known to inhibit effector T-cell functions and delay PAg-
induced maturation of TCRVg9 effector T lymphocytes. It
can also drive the differentiation of a subset of Vd2T cells
with suppressor functions.37-39 Of note, we show that pre-
treatment of LNMSC with N-BPs (zoledronate being more
potent than pamidronate) rescues the ability to kill lym-
phoma target cells and induces proliferation  of Vd2 T cells
that express the EM phenotype. The N-BPs-mediated res-
cue of cell killing was due, at least in part, to the decrease
in TGFβ and simultaneous increase in IL15 production in
N-BPs-treated LNMSC.
Possibly due to the accumulation of phosphate metabo-

lites, upon N-BPs treatment, LNMSC become susceptible
targets for Vd2T cells; but this is evident only when these
effectors are cultured with IL2. This would suggest that
also in vivo at least a fraction of LNMSC undergo elimina-
tion by activated Vd2 effector cells. Nevertheless, the
cytokine switch in LNMSC from TGFβ to IL15, detectable
by the first 24-48 h of N-BP treatment, occurs before
LNMSC death. 
The N-BPs-mediated rescue of cell killing appeared to be

insensitive to short-time incubation of LNMSC with effi-
cient doses and timing of mevastatin. Moreover, in co-cul-
tures of Vd2 T cells with N-BPs-treated LNMSC, an
increase in Th1-type cytokine transcription and secretion
(TNFα and IFNg) was observed which was not affected by
mevastatin. This would suggest that pyrophosphates,
downstream mevalonate, may not be essential in short-
time N-BPs-mediated effects. It still remains to be seen
whether pyrophosphates produced in N-BPs-treated
LNMSC play a role in proliferation of Vd2 T cells. Indeed,
this effect is evident after a longer period of incubation
between LNMSC and lymphocytes. Since the blocking of
mevalonate synthesis by mevastatin is conceivably limit-
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ed in time, we cannot exclude the relevance of pyrophos-
phates. 
It should be noted that LNMSC derived from FL did not

differ significantly from DLCL-derived LNMSC in modu-
lating Vd2 T lymphocytes, suggesting that immunosup-
pression is an intrinsic functional behavior of these cells,
as previously reported for bone marrow MSC.29,30 N-BPs
seems to act on LNMSC interfering with their immuno-
suppressive effect, favoring Th1 development and poten-
tiating the growth and differentiation of effector Vd2 T
cells. Other authors reported that bone marrow-derived
mesenchymal cells decrease the response of gd T cells to
isopentenyl-pyrophosphate (IPP), whereas in our experi-
ments N-PBs induce proliferation of Vd2 T cells.40,41
However, in the reported papers, mesenchymal cells were
derived from the bone marrow and IPP was added directly
to the proliferation assay, while we used LNMSC pre-
treated with N-BPs so that phosphate metabolites deriving
from the mevalonate cycle could accumulate, being more
efficient in trigger cell proliferation.42 In any case, we show
that, in the presence of N-BPs, a subset of Vd2 T cells, with
EM/TEMRA characteristics, is able to expand and recover
its functional capabilities, such as NKG2D-mediated anti-
tumor cytotoxicity.
Since in our experiments, Vd2 T cells were sorted by

positive anti-TCR selection, this procedure might have
provided a stimulus making cells more responsive to
NKG2D stimulation and more effective in anti-lymphoma
cell killing. In addition, Vd2T cells were used after culture
in IL2-containing medium, so that it is conceivable that
also IL2 provides Vd2 T cells with an activating signal.
Nevertheless, N-BPs can prevent the down-regulating
effect of LNMSC on Vd2 T-cell-effector functions, what-
ever activating stimulus they may receive. Also, positively
selected Vd2 T cells were used in all co-culture experi-
ments so that any activating stimulus due to separating
and culture procedures was superimposable in our experi-
mental conditions. Moreover, we have chosen to show
experiments obtained with positively selected Vd2 T-cell
populations as positive separation allows an optimal puri-
ty and recovery, at variance with negative selection that
might lead to the loss of a part of the Vd2 effector T cells,

in particular those expressing molecules (such as CD8 and
CD16), important in exerting the cytolytic functions. 
Cytolytic activity of gd T cells can also be activated by

the binding of CD16 to the Fc region of IgG, triggering
ADCC, that is exploited for anti-lymphoma therapy with
monoclonal antibodies such as the anti-CD20 ritux-
imab.17,18,21,26 In our system, we found that rituximab-medi-
ated ADCC is spared by LNMSC and is also maintained in
the presence of N-BPs, thus suggesting that the two lines
of therapy may be associated. We can hypothesize that, in
vivo, in areas relatively free of Vd2 T cells, N-BPs modu-
late the cytokine microenvironment making it unfavorable
to cancer cells. In areas where Vd2 T cells, tumor cells and
LNMSC are present together, effector T cells might on the
one hand eliminate stromal cells that may contribute to
lymphoma cell growth, and on the other hand become
effective in lymphoma cell killing. The action of Vd2 effec-
tor T cells may be polarized towards cancer cell killing by
rituximab administration. Therapeutic strategies based on
the combination of N-BPs, mAbs and conventional
chemotherapy or therapies aimed to act on MSC, includ-
ing RNA interference targeting TGFβ, have been envis-
aged.1,2,17,18,42,43 Here we provide evidence that N-BPs can
directly modulate the effects exerted by LNMSC on gd T
cells, possibly contributing to the normalization of LN
microenvironment.
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