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Indirect Stimulation of Human Vy2Vo2 T Cells through
Alterations in Isoprenoid Metabolism

Hong Wang,* Ghanashyam Sarikonda,*! Kia-Joo Puan,*> Yoshimasa Tanaka,” Ju Feng,*
José-Luis Giner,* Rong Cao,§ Jukka Miinkkiinen,'” Eric Oldﬁeld,§ and Craig T. Morita*

Human V+vy2V82 T cells monitor isoprenoid metabolism by recognizing (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate
(HMBPP), an intermediate in the 2-C-methyl-p-erythritol-4-phosphate pathway used by microbes, and isopentenyl pyrophosphate
(IPP), an intermediate in the mevalonate pathway used by humans. Aminobisphosphonates and alkylamines indirectly stimulate
Vvy2V82 cells by inhibiting farnesyl diphosphate synthase (FDPS) in the mevalonate pathway, thereby increasing IPP/triphosphoric
acid 1-adenosin-5’-yl ester 3-(3-methylbut-3-enyl) ester that directly stimulate. In this study, we further characterize stimulation
by these compounds and define pathways used by new classes of compounds. Consistent with FDPS inhibition, stimulation of
Vvy2V3a2 cells by aminobisphosphonates and alkylamines was much more sensitive to statin inhibition than stimulation by prenyl
pyrophosphates; however, the continuous presence of aminobisphosphonates was toxic for T cells and blocked their proliferation.
Aminobisphosphonate stimulation was rapid and prolonged, independent of known Ag-presenting molecules, and resistant to
fixation. New classes of stimulatory compounds—mevalonate, the alcohol of HMBPP, and alkenyl phosphonates—likely stimulate
differently. Mevalonate, a rate-limiting metabolite, appears to enter cells to increase IPP levels, whereas the alcohol of HMBPP
and alkenyl phosphonates are directly recognized. The critical chemical feature of bisphosphonates is the amino moiety, because
its loss switched aminobisphosphonates to direct Ags. Transfection of APCs with small interfering RNA downregulating FDPS
rendered them stimulatory for Vy2Va2 cells and increased cellular IPP. Small interfering RNAs for isopentenyl diphosphate
isomerase functioned similarly. Our results show that a variety of manipulations affecting isoprenoid metabolism lead to stim-
ulation of Vy2V82 T cells and that pulsing aminobisphosphonates would be more effective for the ex vivo expansion of Vy2V$2

T cells for adoptive cancer immunotherapy. The Journal of Immunology, 2011, 187: 5099-5113.

uman yd T cells expressing the Vy2V32 TCR (also

termed V+y9Vd2) recognize both exogenous prenyl

pyrophosphates (also termed prenyl diphosphates) from
bacteria and parasitic protozoa, as well as endogenous prenyl
pyrophosphates from the mevalonate pathway (1). This recogni-
tion is important for the control of infections (2, 3) and for tu-
mor immunotherapy (4-8). In this sense, y8 T cells function as
a bridge between the innate and adaptive immune systems, by
monitoring intermediates in isoprenoid metabolism (9).

There have been three major classes of nonpeptide compounds
described that stimulate Vy2V82 T cells: prenyl pyrophosphates
(10, 11), aminobisphosphonates (12, 13), and alkylamines (14).
Prenyl pyrophosphates and alkylamines are natural Ags that can
be produced by bacteria and other human pathogens during
infections. Aminobisphosphonates are synthetic compounds that

mimic prenyl pyrophosphates and are used to treat bone diseases
such as osteoporosis (15), Paget’s disease (16), and metastatic
tumors in bone (17, 18). Like prenyl pyrophosphates and alkyl-
amines, aminobisphosphonate recognition is mediated by the
Vy2V82 TCR (19), requires Ag presentation by species-specific
APCs (20), and is enhanced by costimulatory molecules (20, 21).
Once stimulated, Vy2V82 T cells secrete high levels of inflam-
matory cytokines and chemokines, such as IFN-y and TNF-a (22),
and kill tumor cells (4, 23).

Although aminobisphosphonates are structural analogs of prenyl
pyrophosphates, the mechanism by which aminobisphosphonates
stimulate ¥y T cells differs from that of prenyl pyrophosphates.
Although the exact molecular mechanisms are unclear, prenyl
pyrophosphates are directly presented by APCs for Vy2V82 TCR
recognition primarily by germline-encoded regions (24), leading
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to T cell activation (25). In contrast, aminobisphosphonates appear
to stimulate Vy2V32 T cells through an indirect mechanism by
inhibiting farnesyl diphosphate synthase (FDPS), thereby in-
creasing the level of the upstream metabolite isopentenyl pyro-
phosphate (IPP) (Fig. 1). In support of this mechanism, increases
in 3-hydroxy-3-methylglutaryl-Coenzyme A reductase (HMGCR,
also termed HMG-CoA reductase) activity, the rate-limiting step
in IPP synthesis, increase the stimulatory ability of tumor cells in
a manner similar to treatment with aminobisphosphonates (26).
Moreover, statins that inhibit the HMGCR enzyme also inhibit
aminobisphosphonate and alkylamine stimulation of Vy2V8§2
T cells (26-28).

Although the basic mechanisms for indirect stimulation of
Vy2V32 T cells by aminobisphosphonates and alkylamines have
been established, many questions remain. For example, why are
they unable to stimulate proliferative response by Vy2V82 T cell
clones (21)? How quickly do bisphosphonates render APCs stim-
ulatory? How specific is statin inhibition of aminobisphosphonate
responses, given reports that statins also alter the responses of af3
T cells and other cells of the immune system (29-31)? Moreover,
besides direct stimulators such as prenyl pyrophosphates and other
ester-linked carbon-phosphate analogs (32, 33), how do other novel
compounds, such as mevalonate (27), the alcohol of HMBPP (34),
alkenyl-pyrophosphonates, and alkyl-bisphosphonates, stimulate
Vvy2V32 T cells? And finally, are there enzymes other than FDPS
whose inhibition will stimulate Vy2V32 T cells?

To address these questions, we examined in detail how bis-
phosphonates and alkylamines, as well as other novel classes of
compounds, stimulate Vy2V32 T cells. We found that stimulation
of Vy2V82 T cells by aminobisphosphonates and alkylamines is
more sensitive to statin inhibition than other compounds that ei-
ther activate directly or use other indirect pathways, and that there
are additional pathways for the stimulation of human Vy2V32
T cells, through alterations in isoprenoid metabolism.

Materials and Methods

Compounds

Synthesis of bisphosphonates was performed as described previously (13,
35, 36). Prior to use, 20 mM stock solutions were prepared by dissolving
the compounds in ultrapurified dH,0O, adjusting the pH to 7.0 as required,
and filtering through a 0.22 pm Spin-X mini-filter (Corning, Lowell, MA).
(E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP) was prepared
as described (37). Bromohydrin pyrophosphate (3-bromo-3-hydroxybutyl
pyrophosphate; BrHPP) was prepared as described (38). Crude monoethyl-
pyrophosphate was prepared as described (10). Triphosphoric acid 1-ade-
nosin-5'-yl ester 3-(3-methylbut-3-enyl) ester (Apppl) was prepared as
described (11). Tetanus toxoid was obtained from the University of Mas-
sachusetts Biologic Laboratories (Jamaica Plain, MA).

Derivation and culture of T cell clones

T cell lines and clones were maintained by periodic restimulation with PHA
as previously described (39). The derivation of the CD8aa™ T cell clone
(12G12) and the weakly cytotoxic CD4* 3 T cell clones (HF.2, JN.23, and
JN.24) have been described (10, 40, 41). 10G4 is a randomly derived
Vy1V31 clone (42). SP-F3 is a CD4" af T cell clone that recognizes
tetanus toxoid C fragment (residues 947-961) presented by HLA-DR
MHC class II molecules (43).

Maintenance, treatment, and pulsing of APCs

APCs were maintained as described previously (44). For proliferation
assays, APCs were either treated with mitomycin C or fixed with glutar-
aldehyde. For mitomycin C treatment, APCs (1-3 X 107 cells/ml) in
Dulbecco’s PBS without calcium or magnesium were incubated with fresh
mitomycin C (Sigma-Aldrich, St. Louis, MO) at 100 p.g/ml for 1 h at 37°C
in a 5% CO, incubator, washed three times in PBS, and resuspended in
either supplemented RPMI 1640 media (termed P-media (44) or PBS for
use. For glutaraldehyde fixation, APCs were adjusted to 1-3 X 10 cells/ml
in PBS and reacted with 0.05% glutaraldehyde (EM grade; Sigma-Aldrich)
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for 15 s at room temperature with gentle vortexing. The reaction was
stopped by adding an equal volume of 0.2 M L-lysine (in H,O at pH 7.4)
and incubating for 2 min. The fixed cells were then washed three times in
PBS and resuspended in either P-media or PBS for use. For Ag pulsing,
mitomycin C-treated or glutaraldehyde-fixed APCs were plated in round-
bottom 96-well plates (Corning) at 1 X 10° cells per well in PBS and
incubated with the compound indicated at 37°C for 1 h. The cells were
then washed three times with PBS and resuspended in P-media for mixing
with T cells. For statin inhibition experiments, Vy2V32 T cell responses
were generally adjusted such that they were at least 45% of the maximum
response. Pravastatin stock solution was made directly with water;
mevastatin and simvastatin were first dissolved in 100% ethanol, and an
equal volume of water was added to make stock solutions. All statins were
obtained from Calbiochem and were the (active) sodium carboxylate salts.
For statin inhibition, APCs were preincubated with the statin for 30 min.
For pulsing, APCs were cultured with stimulatory compounds in the
presence of the statin and then washed. T cells were then added with the
statin so that the statin was present during for the entire duration of culture.
Similarly, APCs were preincubated with cell transport inhibitors (chlo-
roquine, ammonium chloride, bafilomycin Al, brefeldin A, monensin,
wortmannin, cytochalasin D, and nocodazole; Sigma-Aldrich) for 30 min,
followed by either pulsing with stimulatory compounds for 60 min or
continuously culturing with stimulatory compounds, in the presence of the
inhibitors. T cells were then added in the presence of the inhibitors.

T cell proliferation and cytokine release

T cell proliferation assays were performed as described previously (45).
Assays were in duplicate or triplicate in round-bottom 96-well plates using
1 X 10° T cells per well in the presence of nonfixed (mitomycin C-treated)
or fixed APCs at 1 X 10° cells per well for Ag and PHA stimulation, or in
the absence of APCs for IL-2 stimulation. Stimulating compounds and
inhibitors were used as indicated in the figure legends. The cultures were
pulsed with 1 nCi [3H]—thymidine (2 Ci/mmol) on day 1 and harvested 16—
18 h later. Mean proliferation and SEM of duplicate or triplicate cultures
are shown. For digestion of phosphorylated compounds, shrimp alkaline
phosphatase was added (Fermentas, Thermo Fisher Scientific). For cyto-
kine release, culture supernatants were harvested after 16 h and assayed for
TNF-a or IFN-y levels by DuoSet sandwich ELISA (R&D Systems,
Minneapolis, MN). A standard curve was derived from serial dilution of
each cytokine standard, and used to calculate the cytokine concentration in
picograms per milliliter. Mean cytokine levels and SEM of duplicate or
triplicate cultures are shown.

In vitro expansion of Vy2Vé2 T cells

For in vitro expansion of blood Vy2V32 T cells by bisphosphonates,
PBMCs were prepared from the blood or leukopaks of normal donors by
Ficoll-Hypaque density centrifugation. PBMCs (1 X 10%) in 0.2 ml media
in 96-well round-bottom wells were pulsed with the compounds for 2-6 h,
washed twice, or cultured continuously with the compounds. IL-2 con-
taining media was added on day 3. The cells were harvested on day 9,
stained with the HIT3a FITC-anti-CD3 (eBioscience) and B6 PE-anti-V32
(BD Pharmingen) monoclonal Abs, and analyzed using flow cytometry.

Measurement of calcium flux by flow cytometry

Calcium flux was measured using a flow cytometric assay with indo-1
(Invitrogen, Molecular Probes, Eugene, OR) as described previously (25).
Indo-1-loaded T cells (without APCs) were incubated at 37°C for 2 min
and analyzed for 30 s to establish baseline levels, and then Ag was added.
For samples that were not spun, cells were analyzed for an additional 3
min. For spun samples, cells were analyzed for an additional 30 s to es-
tablish baseline calcium levels after Ag addition. The T cells were then
centrifuged for 20 s in a microcentrifuge to initiate cell-cell contact and
incubated for an additional 50 s at 37°C. The cells were resuspended, in-
troduced into the flow cytometer, and analyzed for an additional 2-3 min.
The mean ratios of indo-1 fluorescence at 405/485 nm are shown.

Measurement of intracellular IPP levels

Cells were treated with various compounds or small interfering RNA
(siRNA), harvested from culture, washed twice with PBS, counted, and spun
down. Ice-cold acetonitrile (300 wl) was then added to the cell pellet to
precipitate macromolecules, followed by the addition of 200 wl water. The
precipitate was removed by centrifugation (13,000 X g for 3 min), and the
supernatant was transferred immediately to a new tube. The cell extracts
were then evaporated in vacuo and stored at —80°C until use. For liquid
chromatography/mass spectrometry (LC/MS) determination of IPP levels
of siRNA-treated APCs, samples were dissolved in 50 pl of 12 mM
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ammonium formate. Metabolites were separated by reverse-phase HPLC
using a ZORBAX Eclipse XDB-C8 column (Agilent Technologies) and
analyzed by positive ion electrospray mass spectrometry using an MSD
Trap XCT Plus spectrometer (Agilent Technologies) as described (36). For
LC/MS determination of IPP and Apppl in APCs incubated with different
compounds, MCF-7 cells were incubated with the various compounds and
cell extracts were prepared as above. Levels of IPP and Apppl were de-
termined by separation of metabolites on high-performance, ion-pairing,
reverse-phase liquid chromatography using a Gemini C18 column (Phe-
nomenex) with N,N-dimethylhexylamine formate as the ion pairing agent
and analysis by negative-ion electrospray ionization mass spectrometry as
described (46).

SIRNA transfection and real-time PCR

For each enzyme, three different siRNAs were purchased from Invitro-
gen. Enzymes targeted were isopentenyl diphosphate isomerase (IDI),
FDPS, geranylgeranyl diphosphate synthase (GGPS), squalene synthase
(SQS) (also termed farnesyl-diphosphate farnesyltransferase 1), dehy-
drodolichol diphosphate synthase (DHDDS), and prenyl (decaprenyl)
diphosphate synthase subunit 2 (PDSS2). Note that diphosphate is also
termed pyrophosphate. For transfection, HeLa cells were plated at 2 X
103 cells per well in 6-well plates 1 d before use. For transfection, 12 ul
HiPerFect transfection reagent (Qiagen, Germantown, MD) was added to
150 ng siRNA diluted in 100 pl serum-free OPTI-MEM I (Invitrogen).
After votexing for 10 s and incubating at room temperature for 5—10 min,
the transfection complexes were added drop-wise onto the cells in each
well. The transfected cells were then incubated at 37°C and 10% CO, for
24-96 h before harvesting for future use. For mRNA detection, siRNA
transfected HeLa cells were harvested at 72 h after transfection. RNA
was extracted from 1 X 10° cells using the RNeasy Mini Kit (Qiagen).
RNA (4.0 ng) was reverse-transcribed to cDNA using the SuperScript
First-Strand Kit (Invitrogen). The synthesized cDNA (1 pg) was then
added as template into PCR Master Mix, and the gene of interest was
amplified using probes validated for real-time PCR from Invitrogen
(except for DHDDS) according to the protocol for TagMan Gene Ex-
pression Assays (Applied Biosystems). mRNA expression by each gene
was assessed by real-time quantitative PCR using the ABI PRISM 7700
Sequence Detection System. Target gene mRNA levels were calculated
by using the comparative Ct method and compared with control siRNA
transfectants.

mevalonate
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Stimulation of DBS43 Vy2V82 TCR transfectant

Derivation of the DBS43 Vy2V32 TCR transfectant is described (47).
Stimulation of TCR transfectants for IL-2 release was performed as de-
scribed (47, 48). Briefly, 1 X 10° transfectants or the parent J.RT3-T3.5
cells were cultured with anti-TCR31 mAb concentrated culture superna-
tant, HMBPP, ionomycin, or siRNA-treated HeLa tumor cells in the
presence of 1 X 10° glutaraldehyde-fixed Va-2 cells (except for tumor
cells) and 10 ng/ml PMA. After 24 h, supernatants were harvested and
frozen at —20°C. For IL-2 assays, the supernatants were thawed and used
at a 1:8 dilution to stimulate the proliferation of the IL-2-dependent cell
line, HT-2. The cultures were pulsed with 1 wCi of [*H]-thymidine (2 Ci/
mmol) at 18 h and harvested 6 h later.

Results
Aminobisphosphonates can be pulsed into APCs to reduce
their nonspecific inhibition of T cell proliferation

Aminobisphosphonates stimulate Vy2V82 T cells by inhibit-
ing FDPS, leading to the accumulation of IPP (Fig. 1). Previous
experiments on aminobisphosphonate stimulation of Vy2V§2
T cell clones and lines have focused on cytokine release (26),
because the cells did not proliferate (21). Confirming these stud-
ies, the IN.23 Vy2V32 T cell clone released TNF-a in response to
the aminobisphosphonate, risedronate (Fig. 24), and to the prenyl
pyrophosphate analog, monoethyl-pyrophosphate (Supplemental
Fig. 1A). Whereas Vy2Vd2 T cells proliferated with exposure to
monoethyl pyrophosphate (with a slight response even in the ab-
sence of APC), there was little proliferation with exposure to
risedronate, either in the absence or presence of APCs (Fig. 24).

We showed previously that glutaraldehyde fixation increases
costimulatory and accessory functions of APCs for Vy2V32 T cells
(45). When glutaraldehyde-fixed APCs were used, Vy2V82 T cell
proliferation was observed with risedronate, but only in a narrow
dose range, with responses observed at 10-fold lower concen-
trations than TNF-a release in the presence of nonfixed APCs
(Fig. 2A). This lack of Vy2V82 T cell proliferation was not
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FIGURE 1. Mevalonate pathway and key downstream branches in isoprenoid biosynthesis. 3-hydroxy-3-methylglutaryl-Coenzyme A reductase is the
rate-controlling enzyme in the mevalonate pathway and is subject to feedback regulation by downstream products. It is also inhibited by statins. Farnesyl
pyrophosphate (FPP) synthase converts IPP and DMAPP to geranyl pyrophosphate and FPP intermediates and is inhibited by aminobisphosphonates and
alkylamines. Loss of FPP and geranylgeranyl pyrophosphate leads to the loss of membrane anchoring of signaling proteins, causing signaling defects and,

in some cases, apoptosis.
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FIGURE 2. Aminobisphosphonate toxicity for Vy2Vd2 T cell can be avoided by pulsing. A, Continuous culture of Vy2Vd2 T cells with aminobi-
sphosphonates inhibits their proliferation, but not TNF-a release. Mitomycin C-treated or glutaraldehyde-fixed CPEBYV cells were continuously cultured with
risedronate and the CD4" Vy2V32 T cell clone, JN.23. Supernatants were collected at 16 h for the measurement of TNF-a.. The cells were pulsed with
[*H]-thymidine and harvested 18 h later. B, APCs pulsed with risedronate stimulate both proliferation and TNF-« release. Risedronate was pulsed into APCs,
washed, and mixed with the CD4* Vy2V32 T cell clone, JN.23. TNF-a and cell proliferation were measured as in A. C, Variable expansion of blood Vy2V32
T cells with continuous exposure to aminobisphosphonates. PBMCs were cultured with various aminobisphosphonates for 10 d, and Vy2V32 T cells and CD3*
T cells were determined by flow cytometry. D, Consistent blood Vy2V82 T cell responses to aminobisphosphonates pulsed into monocytes. PBMCs were
pulsed for 4 h with the various aminobisphosphonates. The PBMCs were then washed and cultured in the presence of IL-2. After 9 d, Vy2Va82 T cells and
CD3* T cells were determined by flow cytometry. E, Expansion of blood Vy2V32 T cells in PBMCs pulsed with zoledronate. PBMCs were pulsed for the
indicated time with zoledronate, washed, and cultured in the presence of IL-2. After 9 d, Vy2V32 T cells and CD3" T cells were determined by flow cytometry.

observed when APCs were pulsed with risedronate, because both
nonfixed and fixed APCs pulsed with risedronate induced strong
proliferative responses (Fig. 2B). Similar results were noted with
other aminobisphosphonates (Supplemental Fig. 2). These results
suggest that continuous exposure to risedronate blocks Vy2Va2
T cell proliferation unless highly effective APCs are used.

Toxicity was also noted when various aminobisphosphonates
were used continuously to expand Vy2Va2 T cells from PBMCs,
with variable maximal expansions and narrow dose response
ranges (Fig. 2C). In contrast, when aminobisphosphonate expo-
sure was limited to 4 h, blood Vy2V32 T cells expanded to similar
maximal levels for both conventional (zoledronate), pyridinium
(bisphosphonate [BPH]-278 and BPH-300), and lipophilic (BPH-
777) aminobisphosphonates with broad peak responses over a 10-
to 30-fold range (Fig. 2D). Exposure of Vy2Va2 T cells to 100
pM zoledronate for 8 h reduced expansion by >50%, whereas
exposure for 6 h or less had a minimal effect (Fig. 2E).

To determine whether this loss of proliferation was specific for
Vy2V82 T cells, the effect of aminobisphosphonates on IL-2—

induced and mitogen-induced proliferation of Vy1Va1, Vy2V3al,
and af3 T cell clones was tested. All T cell proliferative responses
were inhibited by risedronate (inhibitory concentration reducing
responses by 50% [ICso] ranged from 50-1000 wM; Supplemental
Fig. 1B). Thus, aminobisphosphonate inhibition of FDPS within
APCs blocks isoprenoid metabolism, resulting in IPP accumula-
tion. This block also can cause nonspecific inhibition of T cell
proliferation at higher concentrations.

Aminobisphosphonates rapidly stimulate Vy2V52 T cells in an
MHC-independent manner

To determine how rapidly aminobisphosphonates make APCs
stimulatory for Vy2V32 T cells, calcium flux responses of Vy2V§2
T cells to risedronate were compared with response to HMBPP.
When in cell—cell contact, aminobisphosphonates stimulated cal-
cium flux in Vy2V32 T cells within 2 min, with similar kinetics as
HMBPP (Fig. 3A). Risedronate had no effect on Vy1V31 T cells
(Fig. 3A, right bottom panel), and without cell-cell contact no
responses were observed (Fig. 3A, left panel). Consistent with the
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FIGURE 3. Aminobisphosphonate stimulation of Vy2V32 T cells is a rapid, cell-cell contact-dependent process that is persistent, not inhibited by
glutaraldehyde fixation of APC, and does not require known Ag-presenting molecules. A, Calcium flux of Vy2V32 T cells in response to risedronate or
HMBPP. The Vy2V82 T cell clone, JN.24 (top), and the Vy1V31 T cell clone, HE.38 (bottom), were loaded with indo-1 and calcium flux was assessed by
flow cytometry. PBS (opened circle), HMBPP (2.5 uM, closed triangle), or risedronate (300 wM, closed circle) was added at the time indicated by the first
arrow. Next, the cells were either not centrifuged (leff) or centrifuged for 50 s to initiate cell-cell contact (second arrow), incubated for 1 min, and gently
resuspended for analysis (right). The mean indo-1 ratio is plotted. B, Glutaraldehyde fixation does not inhibit bisphosphonate stimulation of Vy2Vd2
T cells. CP.EBV cells were fixed before or after pulsing with a mix of tetanus toxoid (5 pwg/ml) and risedronate (1 mM). The JN.24 Vy2V82 T cell clone and
the SPF3 a8 T cell clone (that is specific for tetanus toxoid) were then added and cell proliferation was measured. C, Time kinetics for the loss of
stimulation by pulsed APCs. CPEBV APCs were pulsed with HMBPP (3.16 wM), risedronate (316 pM), or the bisphosphonate, BPH-269 (1 mM) at
different times followed by the addition of JN.24 T cells. Culture supernatants were harvested 16 h after T cell addition and TNF-a production was assessed
by ELISA. Responses at each time point are shown as a percentage of the maximum response. D, Vy2V32 T cells respond to pulsed risedronate in the
absence of classical MHC class I molecules (HLA-A, HLA-B, or HLA-C), MHC class II molecules (HLA-DR, HLA-DQ, HLA-DP, HLA-DMA, or HLA-
DMB), CD1 (CDla, CD1b, CDlc, and CD1d), and B,-microglobulin—dependent molecules. The JN.24 Vy2V32 T cell clone was stimulated with APCs
pulsed with the bisphosphonate, risedronate (1 mM). APCs included (Exp. 1) the human fibrosarcoma cell line, Va-2, the EBV B cell lines, CP.EBV and 721
(lacking CD1a, CD1b, CDlc, and CD1d), the mutant EBV line, 721.221 (lacking HLA-A, HLA-B and HLA-C), and the melanoma cell line, FO-1 (lacking
B>-microglobulin) or (Exp. 2) the Burkitt lymphoma, Raji, and its class II-deficient mutant, RJ.2.2.5.

rapid calcium flux, APC exposure to risedronate for as short as 5
min rendered the APCs stimulatory for Vy2V32 T cells similar to
pulsing with HMBPP (Supplemental Fig. 3A). Prolonged risedro-
nate exposure for 120 min only increased ECsqq, 3-fold compared
with APCs pulsed for 5 min. Thus, risedronate stimulation is rapid
and dependent on cell—cell contact.

Because aminobisphosphonates are proposed to function intra-
cellularly, fixation of APCs could disrupt uptake. However, when
APCs were fixed and then pulsed with risedronate, no significant
reduction in Vy2V32 T cell stimulation was observed (Fig. 3B).
APC fixation was judged adequate because APC fixation before
pulsing, but not after, inhibited the response of the SP-F3 CD4 o3

T cell clone to tetanus toxoid, indicating sufficient APC fixation to
abolish the presentation of a protein Ag by MHC class II HLA-
DR. In contrast, APC fixation before or after risedronate pulsing
had no effect on Vy2V32 T cell responses (Fig. 3B), demon-
strating that aminobisphosphonate stimulation is resistant to glu-
taraldehyde fixation.

We next determined how long APCs pulsed with aminobi-
sphosphonates remain stimulatory for Vy2V32 T cells. APCs
pulsed with aminobisphosphonates stimulated Vy2V32 T cells for
up to 24 h, whereas APCs pulsed with HMBPP lost their ability
to stimulate by 4 h (Fig. 3C). APC fixation did not affect the re-
tention of aminobisphosphonate activity, because both nonfixed
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and fixed APCs lost their ability to stimulate with the same ki-
netics (Fig. 3C).

The ability of aminobisphosphonates to pulse into APCs allowed
us to determine the requirement for known Ag-presenting mole-
cules under conditions where self presentation of Ags was not
possible. Expression of MHC class I (HLA-A, -B, and -C), MHC
class 1I, B,-microglobulin, and CDla, CDI1b, CDlc, and CDI1d
(absent on CP.EBV, 721, and 721.221) was not required, because
APCs lacking these molecules stimulated Vy2V82 T cells when
pulsed with risedronate (Fig. 3D). In addition, like prenyl pyro-
phosphates and contrary to a report using the stimulatory Daudi
cell line as the APC (26), stimulation by aminobisphosphonates
using a conventional B cell line was not greatly affected by low
temperature or monensin (Supplemental Fig. 3B, 3C). However,
monensin treatment did abolish the intrinsic stimulatory activity
of Daudi (Supplemental Fig. 3B). There was moderate inhibition
by other cellular inhibitors (chloroquine, ammonium chloride,
bafilomycin Al, brefeldin A, wortmannin, cytochalasin D, and
nocodazole), but none blocked completely (data not shown).

Aminobisphosphonate-stimulated Vy2V82 T cell responses are
more sensitive to statin inhibition than responses induced by
prenyl pyrophosphates and superantigens

Statins inhibit HMGCR, the rate-limiting enzyme in the mevalo-
nate pathway that is upstream from FDPS (Fig. 1). Statins are
reported to specifically inhibit Vy2V82 T cell responses to ami-
nobisphosphonates (26, 27) and alkylamines (28). However, they
are also reported to alter af3 T cell responses as well as the
functions of other cells of the immune system (29-31). To rec-
oncile these apparent differences, we investigated the effect of
statins on Vy2V32 T cell responses in more detail.

We first determined the relationship between the magnitude of
the Vy2V82 T cell response to risedronate and its sensitivity to
statin inhibition. Risedronate responses between 50 and 100% of
the maximum response were inhibited by mevastatin at concen-
tration varying only between 1 and 3 uM (Supplemental Fig. 4A).
In contrast, when risedronate responses were weaker (<50% of
maximum), sensitivity to statin inhibition increased 10- to 100-
fold (ICsq values between 0.013 and 0.01 wM; Supplemental Fig.
4A, 4B). Much of the aminobisphosphonate response could be
restored by mevalonate (the product of the HMGCR enzyme;
Supplemental Fig. 4C). Thus, to accurately assess statin sensi-
tivity, the magnitude of the Vy2V32 T cell response must be
considered because sensitivity to statin inhibition increases greatly
for responses less than 45% of maximum.

Taking this into consideration, we assessed the sensitivity of
different Vy2V32 T cell stimulators to statin inhibition. Staphylo-
coccal enterotoxin A (SEA) is a superantigen that activates Vy2*
T cells through direct presentation by MHC class II (45). Despite
a weak response to SEA (3% of the HMBPP maximum), the re-
sponse to SEA was relatively resistant to mevastatin inhibition
(ICs9 = 100 M), requiring a concentration similar to that needed to
inhibit the response to HMBPP (ICsy = 63 uM; Fig. 4A). In con-
trast, risedronate was 333-fold more sensitive to mevastatin inhi-
bition (ICsy = 0.3 wM; Fig. 4A). Two additional statins, pravastatin
(lower potency) and simvastatin (higher potency), also preferen-
tially inhibited risedronate responses compared with HMBPP and
PHA responses (Fig. 4B). The differences in concentration were
~10-fold for pravastatin, 30-48-fold for mevastatin, and 76—154-
fold for simvastatin (Fig. 4B). Finally, statin treatment of APCs
pulsed with both risedronate and tetanus toxoid showed that
risedronate-induced Vy2V82 T cell responses were 38-fold more
sensitive to mevastatin inhibition than tetanus toxoid-induced of3
T cell responses presented by the same APCs (Fig. 4C).

Vvy2V382 T CELLS MONITOR ISOPRENOID METABOLISM

Because these experiments used a CD4" Vy2V32 T cell clone,
we evaluated two non-CD4 Vy2V82 T cell clones to determine
whether sensitivity to statin inhibition varied. Mevastatin inhibi-
tion was determined for proliferative and TNF-a responses to
prenyl pyrophosphates (IPP, HMBPP, and BrHPP) and to amino-
bisphosphonates (risedronate and alendronate; Fig. 4D). Aminobis-
phosphonate-induced TNF-o responses were more sensitive to
mevastatin inhibition than were prenyl pyrophosphate-induced
TNF-a responses for all three clones. In contrast, for prolifera-
tive responses only the CD4" T cell clone exhibited this increased
sensitivity to statin inhibition of aminobisphosphonate responses.
No difference in inhibition sensitivity was noted for the CD8aa™*
and CD4 8 T cell clones. This pattern was confirmed using
additional CD4" Vy2V32 T cell clones (Fig. 4E). We next stim-
ulated freshly isolated blood Vy2V32 T cells to determine their
sensitivity to statin inhibition (Fig. 4F). Zoledronate-induced ex-
pansion of blood Vy2V82 T cells was 80-fold more sensitive to
mevastatin inhibition than HMBPP-induced expansion (ICso = 0.1
versus 8 wM). Thus, the pattern of statin inhibition of blood
Vy2V382 T cells (largely CD8aa* or CD4~ 87) was similar to that
of CD4" Vy2V32 T cell clones.

High statin concentrations (similar to those inhibiting prenyl
pyrophosphate and SEA responses) also inhibited Vy2V32 T cell,
non-Vy2V32 v8 T cell, and a3 T cell proliferative responses to
IL-2 (Supplemental Fig. 4D) and both proliferative and TNF-a
responses to the mitogen, PHA (Supplemental Fig. 4F). Statin
effects were not due to reductions in APC numbers because APC
numbers did not vary with treatment (data not shown). In sum-
mary, statins preferentially inhibit the aminobisphosphonate-stim-
ulated proliferation of blood Vy2V82 T cells and CD4* Vy2V82
T cell clones, but not CD8aa*/CD4~ 8~ Vy2V32 T cell clones.
Statins also preferentially inhibit TNF-a release to aminobis-
phosphonates for all Vy2V32 T cells. At high doses, statins non-
specifically inhibit T cell responses. Therefore, the sensitivity to
statin inhibition can distinguish indirect stimulation of Vy2V8§2
T cells from direct recognition of Ags by Vy2V82 T cells.

Statin inhibition distinguishes indirect stimulation because of
FDPS inhibition from other pathways for stimulation of
Vy2V82 T cells

Because sensitivity to statin inhibition distinguishes indirect stim-
ulation by aminobisphosphonates from direct recognition of prenyl
pyrophosphates and superantigens, statin inhibition can help to dis-
tinguish between different pathways for stimulation of Vy2V32
T cells. Additional classes of compounds have been shown to
stimulate Vy2V382 T cells. Alkylamines are natural products present
in some foods, and produced by certain bacteria, that stimulate
Vvy2V32 T cells in vitro (14) and prime Vy2V32 T cells in vivo for
increased responsiveness to prenyl pyrophosphates (49). The alco-
hol of HMBPP, (E)-2-methyl-but-2-ene-1,4-diol (HMB-OH), stim-
ulates the expansion of Vy2V82 T cells (34), despite lacking the
phosphate groups that are normally essential for the activity of
prenyl pyrophosphates. Finally, mevalonate by itself also stimulates
the expansion of Vy2Va2 T cells (27).

Consistent with these reports, these compounds stimulated both
proliferation and TNF-a release by Vy2V32 T cells. Whereas
HMBPP and risedronate rendered APCs strongly stimulatory
after pulsing, HMB-OH and mevalonate rendered APCs only
weakly stimulatory (Fig. 5A). The alkylamine, sec-butylamine,
had no effect with pulsing of either nonfixed or fixed APCs (data
not shown), but could stimulate Vy2V32 T cells when present
continuously (Fig. 5B). Vy2V82 T cell responses to these
compounds were then tested for their sensitivity to statin inhibi-
tion when the compounds were either pulsed with the APCs or
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FIGURE 4. Indirect stimulation of Vy2V32 T cells by aminobisphosphonates is more sensitive to statin inhibition than direct stimulation by prenyl
pyrophosphates or superantigens. A, Mevastatin inhibition of Vy2V32 T cell proliferation to staphylococcal enterotoxin A (1 pg/ml), HMBPP (1 uM), or
risedronate (10 wM). Mitomycin C-treated CP.EBV cells were pulsed with the above compounds for 1 h and then cultured with JN.24 T cells. B, Different
statins inhibit Vy2V82 T cell responses. Inhibition by pravastatin, mevastatin, and simvastatin of Vy2V82 T cell responses to the mitogen, PHA (1:1000),
HMBPP (1 uM), or risedronate (1 mM). CP.EBV cells were preincubated with the indicated statin for 1 h, pulsed with the compounds in the presence of the
statin, and then cultured with JN.23 T cells in the presence of the statin. TNF-a and cell proliferation were measured as in Fig. 2A. C, Risedronate-induced
Vy2V32 T cell response is more sensitive to mevastatin inhibition than a tetanus toxoid-induced a3 T cell response presented by the same APC. CP.EBV
cells were treated with varying concentrations of mevastatin for 1 h and then pulsed with the mixture of 1 mM risedronate and indicated concentrations of
tetanus toxoid. T cells were added to the culture in the presence of mevastatin. The cells were pulsed after 18 h and harvested 1 d later. D, Mevastatin
inhibition of Vy2V32 T cell responses. The effect of mevastatin on the proliferative and TNF-a responses of the CD4™ vy T cell clone, JN.24, and the
CD4 " 3 clones, HD.108, and 12G12 by three prenyl pyrophosphates (100 wM IPP, 1 uM HMBPP, and 10 uM BrHPP) and two bisphosphonates (1 mM
risedronate and 1 mM alendronate) was determined. E, Mevastatin inhibition of the proliferative and TNF-a responses of five Vy2V82 T cell clones to
risedronate (1 mM) and an a3 T cell clone to tetanus toxoid (10 pwg/ml). F, Mevastatin inhibition of blood Vy2V32 T cell expansion in response to HMBPP
or zoledronate. PBMCs were incubated with varying concentrations of mevastatin and either HMBPP (0.316-3,160 nM) or zoledronate (3.16 wM) for 6 h,
washed, and cultured with mevastatin. IL-2 was added on day 3. After 8 d, Vy2V32 T cells and CD3* T cells were determined by flow cytometry.

continuously cultured with the APCs and T cells. Whereas responses to HMB-OH and mevalonate were relatively resistant to
Vy2V32 T cell responses to PHA and HMBPP were relatively statin inhibition when the compounds were either continuously
resistant to inhibition by mevastatin (Fig. 6A, top 2 rows) and present or pulsed (for HMB-OH; Fig. 6A, third and fourth rows).
completely resistant to inhibition by pravastatin (data not Thus, the activities of HMB-OH and mevalonate do not appear
shown), responses to risedronate were highly sensitive to statin dependent on FDPS inhibition. To confirm this finding, the levels
inhibition when the compounds were either pulsed or continu- of intracellular IPP and its metabolite Apppl were measured after
ously present (Fig. 6A, bottom row). Similarly, Vy2V32 T cell incubation of MCF-7 cells with the various stimulators. Whereas
responses to sec-butylamine was highly sensitive to statin inhibi- zoledronate treatment greatly increased IPP and Apppl levels, IPP
tion, consistent with a report that alkylamines inhibit FDPS ac- was still undetectable after HMBPP, HMB-OH, or mevalonate

tivity in cells (28). Finally, like HMBPP and PHA, Vy2V32 T cell treatment (Fig. 6B).

TT0Z ‘0S Joquisaa@ uo BIo* jounLUL MMM WOJJ PaPeo JUMOQ


http://www.jimmunol.org/

5106

Vvy2V382 T CELLS MONITOR ISOPRENOID METABOLISM

20000

10000

20000

10000 5%5‘: HMBPP
0 T

AL T T T T
1x10" 1103 1x102 1x10°" 1x10° 1x10’41x10"’1x10 1x10 1x1o° (uM)

20000 -

10000

o
!

20000 ;
10000 H M B'OH
[ !

FIGURE 5. Multiple compounds stimulate Vy2V82
T cells. A, Stimulation of Vy2V32 T cells by HMBPP,
HMB-OH, mevalonate, and risedronate. The JN.24
Vy2V82 T cell clone was cultured with nonfixed (mi-
tomycin C-treated) or fixed Va2 APCs that had been
pulsed with the indicated compounds, or the com-
pounds were added continuously. T cell proliferation
and TNF-a release were measured as described in Fig.

20000 |

Proliferative responses (cpm)
g
8
1

o
!

2A. B, Stimulation of Vy2V32 T cells by sec-buty-
amine and risedronate. Untreated CP.EBV and the HF.2
Vy2V32 T cell clone were cultured continuously with
either risedronate or sec-butylamine. Supernatants were 10000
collected 16 h later for determination of TNF-a.

20000

=
£
~
(o))
o
1 10 100 1000 ~ 100 1000 (uM)
§ 20000
L
=
=
10000 | Mevalonate
0
01 1 10 100 01 1 10 100 (mM)
20000 |

10000 é Risedronate
0

\UWWY

1 10 100 1000 100 1000 (uM)

B <= 16000 = 16000
E Risedronate E sec-Butylamine
o) (o]
Q (=X
N’ N
ZIS 8000 .5 8000 |
s s
= =
= o [ 0_
1 10 100 1000 (M) 100 (mM)
Compound
—e— Continuous Mit.C treated —o— Pulse Mit.C treated

—a— Continuous Glutaraldehyde fixed —a— Pulse Glutaraldehyde fixed

A recent report detailed extracellular IPP produced by cells
treated with zoledronate (50). HMB-OH could similarly enter
cells, become phosphorylated to HMBPP, and then be secreted for
presentation to Vy2V32 T cells. To rule out this mechanism of
action, alkaline phosphatase was added to the cultures to hydro-
lyze extracellular HMBPP. The addition of alkaline phosphatase
completely abrogated stimulation by HMBPP but had no effect on
HMB-OH stimulation of Vy2V82 T cells (Fig. 6C), showing that
extracellular HMBPP was not responsible for stimulation by
HMB-OH. In addition, lysates from HMB-OH-treated cells did
not contain HMBPP bioactivity upon HPLC separation (data not
shown).

One property of directly presented prenyl pyrophosphates is their
ability to stimulate Vy2V82 T cell responses in the absence of APCs
because of daughter-daughter T cell presentation (25). In contrast,
stimulation by Apppl is minimal in the absence of APCs because
APCs are required to provide nucleotide phosphorylase to release
IPP (51). Because our findings suggested that HMB-OH might be
directly presented, the requirement for APCs was tested. Whereas
Apppl stimulation was suboptimal in the absence of APCs (Fig. 7A,
7B), HMB-OH stimulated Vy2V32 T cells in the absence of APCs
with kinetics identical to HMBPP and IPP; this was especially
evident for TNF-a release (Fig. 7B). Finally, despite lacking

phosphates, HMB-OH (ECsgq, of 3.2 uM) stimulates Vy2V32
T cells at similar concentrations as the HMB phosphonate analogs,
(E)-(hydroxy(5-hydroxy-4-methyl-pent-3-enyl)phosphoryl)methyl-
phosphonate (HMB-CPCP; ECsqq, of 4.6 uM) and (E)-1-hydroxy-
2-methyl-but-2-enyl 4-(methylene-diphosphonate) (HMB-OPCP;
ECsgq of 5.5 uM; 34). HMB-OH does not inhibit FDPS, but
appears to stimulate Vy2V82 T cells directly.

Alkenyl-pyrophosphonates and alkyl-bisphosphonates directly
stimulate Vy2V82 T cells

Other classes of phosphonate compounds that stimulate Vy2V32
T cells include alkenyl pyrophosphonates containing -CPOP moi-
eties (52, 53), alkenyl-methylene diphosphonates (-OPCP), and
alkenyl-phosphorylmethylphosphonates (-CPCP). These compounds
can either stimulate Vy2V32 T cells (e.g., HMB-OPCP) (34, 54)
or antagonize prenyl pyrophosphate responses (e.g., bromohydrin
methylene-diphosphate [BrH-OPCP]) (44, 55). To assess the mech-
anism of action of these compounds, we compared statin inhibi-
tion of the response to HMB-CPCP with that of HMBPP and
risedronate. As expected, HMBPP was relatively resistant to statin
inhibition, whereas risedronate was highly sensitive. Consistent
with direct recognition, HMB-CPCP required high statin con-
centrations for inhibition that were identical to those required by
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HMB-OH and mevalonate do not greatly increase IPP or Apppl levels. MCF-7 cells were untreated or incubated with HMBPP (10 nM for 24 h or 100 nM
for 96 h), HMB-OH (100 wM), or mevalonate (10 mM) for 24 h (Exp. 1, top panels) or 96 h (Exp. 2, bottom panels). For a control, MCF-7 cells were
treated for zoledronate (25 wM) for 24 h for both experiments. Cells were then harvested, washed, and lysed with acetonitrile for determination of IPP and
Apppl levels by LC/MS (46). C, HMB-OH stimulation is not affected by alkaline phosphatase. Mitomycin C-treated CP.EBV were cultured in the presence
of shrimp alkaline phosphatase continuously with 0.1 wuM HMBPP, 1 mM HMB-OH, or 1:4000 diluted PHA or after pulsing with 1 mM risedronate. HF.2

T cells were added and cell proliferation was assessed on day 2.

HMBPP (Fig. 8A4). Given the structural similarities, alkenyl-pyro-
phosphonates, alkenyl-methylene diphosphonates, and alkenyl-
phosphorylmethylphosphonates directly stimulate Vy2V32 T cells.

In our testing of different bisphosphonates, we found a new class
of compounds—alkyl-bisphosphonates—that stimulate Vy2Va2 T
cells (Fig. 8B). These compounds have identical alkyl-1,1-bisphos-
phonate structures as aminobisphosphonates, but lack amino moi-
eties and thus have similarities also to alkyl-pyrophosphates (10,
32). Alkyl-bisphosphonates stimulate Vy2V32 T cells with ECsq
of ~300-700 uM (Fig. 8B). To determine the effect of the loss
of the amino moiety on the mechanism of action for Vy2V32 T
cell stimulation, the sensitivity to statin inhibition of the Vy2V32
T cell response to an alkyl-bisphosphonate (1-hydroxy-butane-1,1-
bisphosphonate) was compared with an alkyl-pyrophosphate (n-
propyl-pyrophosphate) and the aminobisphosphonate, pamidronate
(3-amino-1-hydroxy-propane-1,1-bisphosphonate). As expected, the
Vy2V32 T cell response to the aminobisphosphonate pamidronate
was highly sensitive to mevastatin inhibition (ICso = 0.04 uM;
Fig. 8C). Surprisingly, the loss of the amino group in 1-hydroxy-
butane-1,1-bisphosphonate increased the resistance to statin inhi-

bition 175-fold (ICso = 7 pM) to concentrations similar to those
required to inhibit n-propyl-pyrophosphate responses (ICso = 10
wM; Fig. 8C). We hypothesize that the loss of the amino moiety
switches aminobisphosphonates from indirect stimulators to direct
stimulators. Thus, the amino moiety of bisphosphonates has a key
role in determining their mechanism of action for stimulating
Vvy2Va2 T cells.

SIRNA treatment of APCs identifies FDPS and IDI as enzyme
targets for the development of Vy2V52 T cell stimulators

Given that aminobisphosphonates and alkylamines inhibit FDPS
to stimulate Vy2V82 T cells, we sought to determine whether the
inhibition of other enzymes involved in isoprenoid biosynthesis
might stimulate Vy2V32 T cells. IPP is required for many iso-
prenoid biosynthetic reactions, such as the synthesis of ger-
anylgeranyl pyrophosphate and CoQ;¢. HeLa cells were therefore
transfected with siRNAs specific for key downstream enzymes
in the isoprenoid pathway, including IDI, FDPS, GGPS, SQS,
PDSS2, and DHDDS (Fig. 1). Transfection of siRNAs greatly
decreased mRNA levels (most >90%) in all cases tested (Fig. 9A).
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Consistent with the proposed mechanism of action of aminobi-
sphosphonates and alkylamines and with experiments using short
hairpin RNA for FDPS (56), HeLa cells transfected with siRNA
targeting FDPS stimulated Vy2V32 T cells (Fig. 9B). HeLa cells
transfected with FDPS siRNA began to stimulate Vy2V82 T cells
by 72 h and peaked at 96 h. The ability of FDPS siRNA trans-
fectants to stimulate Vy2V32 T cells correlated with intracellular
IPP levels. At 72 h after transfection, when FDPS siRNA
transfected-HeLa cells begin to show weak stimulatory activity,
their intracellular IPP levels were slightly increased. At 96 h after
transfection, when the ability of transfectants to stimulate
Vy2V82 T cells peaked, IPP level were dramatically elevated
(Fig. 9C). Mevastatin preferentially inhibited the Vy2V82 T cell
response to APCs transfected with siRNA for FDPS with an
identical dose response to that of risedronate (Fig. 9D). Finally,
recognition of FDPS siRNA-treated cells was mediated by the
Vy2V32 TCR because 3~ Jurkat cells transfected with Vy2Va32
TCRs (DBS43) released IL-2 in response to FDPS siRNA trans-
fected HeLa cells, whereas these APCs had no effect on the parent
cell line (J.RT3-T3.5; Fig. 9EF).

siRNA specific for IDI also stimulated Vy2V82 T cells. HeLa
cells transfected with an siRNA specific for IDI (IDI 195) stimulated
moderate levels of Vy2V82 T cell proliferation, [FN-vy release, and

—o— -APC —— + APC

TNF-a release (Fig. 9F, top panels) that were ~25% of the FDPS
stimulation levels (Fig. 9F, bottom panels). Thus, downregulation of
either FDPS or IDI renders APCs stimulatory for Vy2Va2 T cells
(Fig. 10, middle), whereas no stimulation of Vy2V32 T cells was
found with the downregulation of other enzymes.

Discussion

This study shows that there are other indirect pathways leading to
the stimulation of Vy2V82 T cells besides the inhibition of FDPS.
Downregulation of IDI stimulates Vy2V32 T cells as does expo-
sure to high concentrations of mevalonate (Fig. 10). All are related
by the fact that they alter isoprenoid metabolism leading to the
increased production of prenyl pyrophosphates that directly acti-
vate Vy2V82 T cells. These findings suggest that Vy2V32 T cells
may be involved in surveillance for cancer cells because relatively
small increases in IPP levels are recognized. Moreover, prolonged
exposure of Vy2V32 T cells to higher doses of aminobisphos-
phonates has the paradoxical effect of inhibiting their ability to
proliferate. This is due to their blocking isoprenoid metabolism in
the T cells. These findings suggest that aminobisphosphonates
should be pulsed to limit toxicity when used for ex vivo expansion
of Vy2V32 T cells for cancer immunotherapy.
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proliferative and TNF-a responses by the HE2 Vy2V82 T cell clone
stimulated by 0.1 uM HMB-OPOP or 316 uM HMB-CPCP continuously
present (top panels) or by 1 puM HMB-OPOP or 1 mM risedronate that
were pulsed with APCs (bottom panels). B, Amino- and alkyl-bisphos-
phonates stimulate Vy2V32 T cells. Bisphosphonates were tested for their
ability to stimulate TNF-a release by the CD4" JN.23 Vy2V82 T cell
clone. C, Substitution of an amino moiety for carbon 4 in 1-hydroxy-bu-
tane-1,1 bisphosphonate switches direct to indirect stimulation. The CD4*
HE.2 Vy2V32 T cell clone was continuously stimulated by either n-propyl
pyrophosphate (20 wM), 1-hydroxy-butane-1,1 bisphosphonate (20 wM),
or 3-amino-1-hydroxy-propane-1,1 bisphosphonate (400 wM) in the
presence of mevastatin.
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Because IPP is used for the synthesis of many isoprenoid
compounds, inhibition of other enzymes besides FDPS might also
increase IPP levels sufficiently to stimulate Vy2V82 T cells. One
candidate enzyme, IDI, is upstream of FDPS and its inhibition
would be predicted to cause IPP (its substrate) to accumulate (Fig.
1). Consistent with this prediction, we found that treatment of
APCs with siRNA targeting IDI made them stimulatory for
Vy2V32 T cells (Fig. 10, middle). This finding suggests that
inhibitors of IDI would also stimulate Vy2V32 T cells. Because
an aminobisphosphonate exists that inhibits both IDI and FDPS
(57) and stimulates Vy2V32 T cells (27), it may be possible to
design specific bisphosphonate inhibitors of IDI. Given that
dimethylallyl pyrophosphate (DMAPP) exhibits 3—-30-fold lower
bioactivity than IPP (32), such compounds could have increased
potency for stimulating Vy2V82 T cells or different biologic
effects compared with FDPS inhibitors, because only IPP will
accumulate rather than both IPP and DMAPP that accumulate
with FDPS inhibitors. Besides IDI, no effects were seen upon
GGPS inhibition using aminobisphosphonates specific for this
enzyme (36) or upon APC transfection with siRNAs specific for
GGPS, SQS, PDSS2, or DHDDS, suggesting that blocking only
one branch of downstream isoprenoid biosynthesis is not sufficient
for IPP accumulation and Vy2V32 stimulation.

Mevalonate also stimulated Vy2V32 T cells. Because mevalo-
nate is the product of HMGCR, a rate-limiting enzyme subject to
tight regulation (58-61), high exogenous mevalonate concentra-
tions would bypass normal regulation and increase the levels of
downstream products including IPP and DMAPP (Fig. 1). Statins
would be unable to block this stimulation as was observed in this
study (Fig. 64). Because intracellular IPP levels were below de-
tection levels in both normal and mevalonate-treated cells (Fig.
6B), the degree of IPP increase is unclear, but certainly less than
those observed with aminobisphosphonate treatment. Because
relatively small increases in IPP levels (25% for FDPS siRNA
treated cells) stimulated Vy2V82 T cells (Fig. 9C), there easily
could have been sufficient increases in IPP to stimulate o
T cells. Based on our findings, we propose that mevalonate acts
indirectly—stimulating Vy2V32 T cells by increasing endogenous
IPP levels in APCs (Fig. 10, bottom).

Although aminobisphosphonates stimulate Vy2V32 T cells
to release TNF-a, we found that they could also inhibit Vy2V32
T cell proliferation upon continuous exposure. The blocking
of FDPS by aminobisphosphonates results in decreased levels
of farnesyl pyrophosphate and geranylgeranyl pyrophosphate.
Upon activation of T cells, farnesyl and geranylgeranyl moieties
are transferred to the C termini of GTPases, allowing them to
anchor in the inner leaflet of the plasma membrane and function
in signal transduction. Prolonged exposure to aminobisphospho-
nates, therefore, would block signal transduction required for
T cell proliferation and survival. Statin inhibition of HMGCR
activity also works similarly (62). Besides blocking GTPases,
statins reduce the association of Lck and linker of activation of
T cells with membrane rafts in T cells (63). In our experiments,
both aminobisphosphonates and statins blocked vd and «of
T cell proliferation in response to a variety of different stimuli if
sufficiently high doses were used. These results are consistent
with reports of the broad immunologic effects of statin treatment
in immune and autoimmune responses that do not involve yd
T cells (29-31, 64).

Ex vivo expansion of blood Vy2V82 T cells was also inhibited
by continuous exposure to aminobisphosphonates. We observed
highly variable levels of Vy2V82 T cell expansion (ranging from
17-33% of CD3 T cells; Fig. 2C) with narrow dose responses that
were similar to the results of other studies (25-85% and 8-49%)
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FIGURE 9. siRNA downregulation of either FDPS mRNA or isopentenyl diphosphate isomerase mRNA in APCs results in indirect stimulation of
Vy2V32 T cells with elevations in intracellular IPP levels in APCs. A, siRNA treatment greatly decreases mRNA levels of most enzymes in isoprenoid
biosynthesis. mRNA levels of enzymes targeted by siRNA were measured in comparison with control siRNA using real-time PCR as detailed in the
Materials and Methods. B, Downregulation of FDPS results in APCs that stimulate Vy2V32 T cells. HeLa cells were either untransfected or transfected
with control siRNA or siRNA targeting mRNAs for enzymes required for the synthesis of isoprenoid compounds. After 72 and 96 h, transfected HeLa cells
were mixed with HE.2 Vy2V32 T cells. Supernatants were harvested 16 h later, and the levels of IFN-vy (left panels) and TNF-« (right panels) were
determined by ELISA. For each enzyme, three siRNAs were tested with the best siRNA shown. Results are representative of three experiments. C, In-
creased intracellular IPP levels in HeLa cells after transfection with siRNA to FDPS. HeLa cells were transfected with either a control siRNA or an siRNA
to FDPS. After 72 or 96 h, the cells were harvested and intracellular IPP level was measured. D, Stimulation by APCs treated with siRNA to FDPS is
sensitive to statin inhibition. HeLa cells were transfected with siRNA to FDPS and after 72 h cultured with HE2 Vy2V82 T cells in the presence of
mevastatin. For comparison, untransfected HeLa cells were continuously cultured with 0.1 wM HMBPP or 1:4000 PHA, or they were pulsed with 1 mM
risedronate with HE2 T cells in the presence of mevastatin. Cultures were pulsed with 1 mCi of [*H]-thymidine on day 1 and harvested 16-18 h later. E,
Recognition of FDPS siRNA-treated APCs is mediated by the Vy2V32 TCR. The DBS43 Vy2V32 TCR transfectant or the parent mutant Jurkat cell line, J.
RT3-T3.5, was cultured with HeLa cells treated with either a control siRNA or siRNA to FDPS and PMA or with anti-TCR&1, ionomycin (1 pg/ml), or
HMBPP (1 pM) in the presence of Va2 cells and PMA. The supernatants were harvested and IL-2 levels were assessed by proliferation of the IL-2-
dependent HT-2 cell line. F; Downregulation of IDI renders APCs stimulatory for Vy2Va82 T cells. Mitomycin C-treated HeLa cells were transfected with
a control siRNA, three different siRNAs targeting IDI, or an siRNA targeting FDPS. After 96 h, transfected HeLa cells were mixed with HE.2 Vy2V§2
T cells. Culture supernatants were harvested 16 h later, and IFN-y (middle panels) and TNF-a (right panels) were determined by ELISA. Proliferation was
assessed on day 2 (left panels).

(23, 65). Aminobisphosphonate toxicity occurred with exposure
periods as short as 6 h. However, pulsing aminobisphosphonates to
limit T cell exposure resulted in uniform expansions of Vy2V§2
T cells over a 10-30-fold dose range (Fig. 2D) rather than the 3-5-
fold dose range commonly observed with continuous culture (66).
During the pulsing period, monocytes take up zoledronate through
fluid phase endocytosis more efficiently than Vy2V32 T cells (67),
thereby reducing T cell toxicity. Pulsing aminobisphosphonates
replicates in vivo exposure because aminobisphosphonates are

rapidly cleared through renal excretion (they are not metabolized)
and by binding to bone such that they have a half-life of ~1-2 h
and less than 1% remain 24 h after infusion (68, 69). Aminobi-
sphosphonates are being commonly used in clinical studies to
expand Vy2V32 T cells ex vivo for adoptive transfer into cancer
patients for immunotherapy (70-75). Our results suggest that
pulsing of PBMCs for 4-6 h with higher aminobisphosphonate
doses would give more consistent ex vivo expansions and poten-
tially more vigorous Vy2Vo2 T cells for adoptive transfer.
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FIGURE 10. Proposed mechanisms for stimulation of Vy2V32 T cells.
Top, Vy2V82 T cells recognize HMBPP, HMB-CPCP (and also HMB-
CPOP and HMB-OPCP), and alkyl-bisphosphonates presented directly
without internalization by an Ag-presenting molecule on APCs. Middle,
Aminobisphosphonates and alkylamines indirectly stimulate Vy2V32
T cells by inhibiting FDPS leading to the accumulation of IPP that can then
be presented by the Ag-presenting molecule. Transfection of FDPS and
IDI siRNA also cause IPP to accumulate and stimulate Vy2V32 T cells.
Bottom, Proposed models for mevalonate and HMB-OH. Exogenous
mevalonate, a rate-limiting intermediate, modestly increases IPP levels
that then stimulate Vy2V32 T cells. In contrast, HMB-OH is likely pre-
sented directly because it is relatively APC independent and there is no
evidence for IPP accumulation.

Besides pharmacologic inhibitors such as aminobisphosphonates,
we found that downregulation of FDPS mRNA by siRNA makes
tumor cells stimulatory for Vy2V382 T cells and that this stimu-
lation is highly sensitive to statin inhibition. Our findings confirm
a study reporting that short hairpin RNA for FDPS stably ex-
pressed by tumor cells makes the tumor cells stimulatory for
Vv2V32 T cells (56). Moreover, we show that reductions in FDPS
activity increase cellular IPP levels and that recognition of treated
cells, like recognition of the Daudi and RPMI 8226 cell lines (47),
is mediated by the Vy2Va32 TCR.

Differences in the sensitivity to statin inhibition can help to
distinguish between different pathways of stimulation of Vy2V§2
T cells (26, 27). Indirect stimulation of Vy2V82 T cells by ami-
nobisphosphonates, alkylamines, or siRNAs inhibiting FDPS, was
more sensitive to statin inhibition than direct stimulation. How-
ever, the difference in statin sensitivity varied depending on the
statin used (10-154-fold difference) and on the strength of stim-
ulation. Statin inhibition of aminobisphosphonate responses was
increasingly efficient when the Vy2V32 responses were less than
45% of the maximum response (Supplemental Fig. 4). In contrast,
stimulation by prenyl pyrophosphates or the SEA superantigen
was relatively resistant to statin inhibition over a broad response
range, requiring concentrations similar to those required to inhibit
vd responses to IL-2 and PHA and a3 T cell responses to tetanus
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toxoid and IL-2. Therefore, because statins inhibit both indirect
and direct Vy2V32 T cell responses, it is important to measure
statin inhibition over a wide statin dose range in comparison with
known V+vy2V82 stimulators. When performed in this manner,
sensitivity to statin inhibition distinguishes between indirect
stimulation by FDPS inhibition and direct stimulation of Vy2V82
T cells.

Using statin inhibition, we studied alkyl-bisphosphonates, a
new class of bisphosphonates that lack amino moieties. The amino
moiety in aminobisphosphonates is critically important for FDPS
inhibition (76) and for inhibiting bone resorption (77). However,
we found that aminobisphosphonate analogs lacking this amino
moiety stimulated Vy2V32 T cells, although requiring somewhat
higher concentrations (ECsy of ~300-600 uwM). Vy2V82 stimu-
lation by an alkyl-bisphosphonate was highly resistant to statin
inhibition with a dose response curve identical to the directly
stimulating alkyl-pyrophosphate, n-propyl-pyrophosphate. In con-
trast, the similar aminobisphosphonate, pamidronate, was highly
sensitive to statin inhibition (Fig. 8C). Given the differences in
statin inhibition, we propose that the loss of the amino moiety
switches aminobisphosphonates from indirectly stimulating
through FDPS inhibition to directly stimulating Vy2V82 T cells
(Fig. 10, top).

Like alkyl-bisphosphonates, HMB-CPCP is a phosphonate
compound that is an analog of HMBPP. Prenyl-pyrophosphonates
(-CPOP), -methylene diphosphonates (-OPCP), and -phosphor-
ylmethylphosphonates (-CPCP) have identical carbon chains as
natural prenyl pyrophosphates, but have phosphonate linkages. The
change in linkages affects their ability to stimulate Vy2Va2 T cells.
Changing both ester linkages in HMBPP to phosphonate linkages
(HMB-CPCP) reduces activity by 5.8 logs (681,000-fold). Much of
this decrease can be attributed to the change of the pyrophosphate to
a methylene diphosphonate, because (E)-1-hydroxy-2-methyl-pent-
2-enyl pyrophosphonate (HMB-CPOP) is only 2.3-fold less active
than HMB-OPOP (53), whereas HMB-OPCP is ~70,800-fold less
active (34, 54). Despite the differences in activity, HMB-CPCP
had similar low sensitivity to statin inhibition like HMBPP. Thus,
phosphonate analogs of prenyl pyrophosphates also appear to di-
rectly stimulate Vy2V32 T cells (Fig. 10, top).

HMB-OH is another analog of HMBPP that stimulates Vy2V32
T cells, although it totally lacks phosphate groups (34) that are
generally required for stimulation (32). To determine its mecha-
nism of stimulation, we first assessed HMB-OH responses for their
sensitivity to statin inhibition. Like HMBPP, HMB-OH was rel-
atively resistant to inhibition, suggesting that HMB-OH does not
inhibit FDPS to stimulate Vy2V32 T cells. Further confirming this
hypothesis, there were no increases in cellular IPP after treatment
with HMB-OH. Another possibility is that HMB-OH enters cells,
becomes phosphorylated to HMBPP, and is secreted for stimula-
tion. Some isoprenoid alcohols likely rescue aminobisphosphonate-
blocked cells in this way, presumably because of a two-step salvage
pathway (78-82). However, there was no evidence of extracellular
HMBPP during HMB-OH stimulation given that the addition of
alkaline phosphatase had no effect (Fig. 6C) but totally abrogated
stimulation by HMBPP. Phosphorylation of HMB-OH might also
be expected to be at least partially dependent on APCs. However,
HMB-OH stimulated Vy2V32 T cells with kinetics identical to
HMBPP and IPP, unlike Apppl that was partially dependent on
APCs as reported earlier (51). Moreover, HMB-OH stimulates
Vy2V32 T cells at concentrations similar to those required by
HMB-CPCP and HMB-OPCP that are directly presented. There-
fore, we propose that HMB-OH is directly presented (Fig. 10,
bottom) and that phosphate groups are not absolutely required for
stimulation of Vy2V82 T cells.
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In conclusion, stimulation of Vy2V32 T cells can be classified
as either direct or indirect. For direct stimulation, compounds such
as prenyl pyrophosphates, prenyl pyrophosphonates, and alkyl-
bisphosphonates associate with an unidentified protein at the cell
surface for direct presentation to the Vy2V382 TCR (Fig. 10, rop).
In contrast, aminobisphosphonates and alkylamines use an indirect
pathway to stimulate Vy2V82 T cells (Fig. 10, middle). These
compounds enter APCs and block the FDPS enzyme, leading to
the accumulation of IPP that is then transported through an un-
known process to the cell surface, where it stimulates Vy2V2
T cells. siRNAs for FDPS and IDI decrease enzyme levels thus
diminishing their action, resulting in IPP accumulation that di-
rectly stimulates Vy2V32 T cells. Indirect stimulation due to
blocking FDPS (and likely IDI) function is highly sensitive to
statin inhibition of the upstream HMGCR enzyme, because the
accumulation of IPP is dependent on metabolite flow down the
pathway. Exogenous mevalonate, the rate-limiting metabolite, will
increase intracellular IPP levels if present at a high concentration
(Fig. 10, bottom); however, in this situation, statins will not easily
block this indirect stimulation. Finally, HMB-OH is likely directly
presented to Vy2V82 T cells because its stimulation is statin and
alkaline phosphatase resistant, does not increase IPP levels, is
active at similar concentrations as HMB-CPCP, and is independent
of APCs, like HMBPP (Fig. 10, bottom). Our results demonstrate
that there are multiple ways to stimulate Vy2V32 T cells. Further
characterization of these indirect and direct pathways will deepen
our understanding of the roles of yd T cells in human immunity
and may improve current approaches to cancer immunotherapy
using Vy2Va2 T cells.
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Supplemental Figure Legends

Supplemental Figure 1. Aminobisphosphonate exposure can inhibit T cell proliferation. 4,
Continuous culture of Vy2V32 T cells with mono-ethyl pyrophosphate stimulates both
proliferation and TNF-a release (control experiment performed at the same time as Fig. 24). Mit.
C treated or glutaraldehyde fixed CP.EBV cells were cultured continuously with mono-ethyl
pyrophosphate and the CD4" Vy2V82 T cell clone, JN.23. Supernatants were collected at 16 h
for the measurement of TNF-a. The cells were then pulsed with *H-thymidine and harvested 18 h
later. B, Risedronate inhibits the proliferation of yd and aff T cells to IL-2 or the PHA mitogen.
Four Vy1Vé1, two Vy2Vs1, and four off T cell clones were tested for proliferation in response to
rIL-2 or PHA in the presence of risedronate. Percentages of maximum control response are

plotted.

Supplemental Figure 2. Continuous bisphosphonate exposure of Vy2Vé2 T cells and APC
inhibits Vy2V62 T cell proliferation but not TNF-a release. 4, Continuous exposure to high
concentrations of bisphosphonates inhibits proliferation but not TNF-a release by Vy2Voé2 T
cells. Various bisphosphonates including risedronate (compound 2) were tested for their
stimulation of proliferation and TNF-a release by the JN.24 CD4 Vy2V52 T cell clone using
glutaraldehyde-fixed CP.EBV B cells. B, Pulsing of bisphosphonates into fixed APC stimulate
both proliferation and TNF-a release by Vy2Vo2 T cells without inhibition of proliferation at
high concentrations. Various bisphosphonates were pulsed for 1 h in PBS into glutaraldehyde-
fixed CP.EBV, washed, and then used to stimulate proliferation and TNF-a release by the JN.24
CD4 Vy2V32 T cell clone.

Supplemental Figure 3. Aminobisphosphonates pulse rapidly into APC and their pulsing is not
affected by low temperatures or monensin treatment of APC. 4, Risedronate pulses rapidly into

APC to stimulate Vy2V62 T cells. Mit. C-treated or glutaraldehyde fixed Va-2 APC were
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incubated at 37°C with risedronate or HMBPP for the indicated time followed by washing three
times in PBS (HMBPP results are from Sarikonda et al. (38) and are shown for comparison with
permission (copyright 2008, The American Association of Immunologists, Inc.)). APC were
resuspended in supplemented RPMI media and incubated with the CD8aa Vy2V62 T cell clone,
12G12, for 24 h. The cultures were then pulsed with *H-thymidine and harvested 18 h later. B,
Low temperatures and monensin have minimal effect on bisphosphonate stimulation of Vy2V2
T cells. Non-stimulatory CP.EBV (EBV transformed B cells) and stimulatory Daudi (a Burkitt
lymphoma cell line) were pulsed with the bisphosphonates indicated for 1 h at 37°C in the
presence or absence of monensin (20 uM), or at 4°C, before addition of the CD4" Vy2V32 T cell
clone, JN.24. Culture supernatant was collected 16 h later and TNF-a levels measured. C,
Minimal effects of low temperatures and monensin on both direct and indirect stimulation of

Vy2Vo2 T cells. Glutaraldehyde fixed CP.EBV B cells were pulsed with either HMBPP, HMB-

OH, or risedronate for 1 h at either 37°C or 4°C in the presence or absence of monensin (20 uM).

Proliferative and TNF-a responses were assessed for each condition.

Supplemental Figure 4. Statin concentrations required for the inhibition of Vy2V62 T cell
responses to risedronate increase with the strength of the response but are still lower than those
required to inhibit PHA and IL-2 responses. 4, Mevastatin ICs, plotted versus percentage of
maximal TNF-a release. B, Mevastatin ICsg plotted versus risedronate dose. C, Mevastatin
inhibition of TNF-q release by the IN.24 Vy2V32 T cell clone stimulated by varying doses of
risedronate in the absence (/eft panel) or presence (right panel) of 1 mM mevalonate. D,
Mevastatin inhibition of IL-2-driven proliferation of T cell clones. T cell clones were incubated
with 30 nM IL-2 in the presence of mevastatin. The cultures were pulsed with *H-thymidine at
24 h and harvested 18 h later. £, Mevastatin inhibition of Vy2V32 T cell responses to the
mitogen, PHA. The CD4" Vy2Vo2 T cell clone, IN.24, was stimulated with PHA (10 pg/ml) in

the absence of APC. Responses were determined as in Figure 24.
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