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Abstract Nitrogen-bisphosphonates (n-BP), such as zole-
dronate, are the main class of drugs used for the prevention
of osteoporotic fractures and the management of cancer-
associated bone disease. However, long-term or high-dose
use has been associated with certain adverse drug effects,
such as osteonecrosis of the jaw and the loss of peripheral
of blood Vy9V82 T cells, which appear to be linked to
drug-induced immune dysfunction. In this report we show
that neutrophils present in human peripheral blood read-
ily take up zoledronate, and this phenomenon is associated
with the potent immune suppression of human peripheral
blood Vy9V32 T cells. Furthermore, we found this zole-
dronate-mediated inhibition by neutrophils could be over-
come to fully reconstitute Vy9V82 T cell proliferation by
concomitantly targeting neutrophil-derived hydrogen per-
oxide, serine proteases, and arginase I activity. These find-
ings will enable the development of targeted strategies to

Electronic supplementary material The online version of this
article (doi:10.1007/s00018-013-1495-x) contains supplementary
material, which is available to authorized users.

S. Kalyan (D<) - E. S. Quabius - D. Kabelitz (1<)

Institute of Immunology, Christian-Albrechts University Kiel,
Arnold-Heller Strasse 3, Haus 17, 24105 Kiel, Germany
e-mail: kalyan@immunologie.uni-kiel.de

D. Kabelitz
e-mail: kabelitz@immunologie.uni-kiel.de

V. Chandrasekaran - T. K. Lindhorst
Otto Diels Institute of Organic Chemistry, Christian-Albrechts
University Kiel, Kiel, Germany

E. S. Quabius

Department of Otorhinolaryngology, Head and Neck Surgery,
University Hospital Schleswig—Holstein, Campus Kiel, Kiel,
Germany

mitigate some of the adverse effects of n-BP treatment on
immune homeostasis and to improve the success of immu-
notherapy trials based on harnessing the anticancer poten-
tial of peripheral blood y8 T cells in the context of n-BP
treatment.
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Introduction

Nitrogen-bisphosphonates (n-BP) are the most widely pre-
scribed class of anti-bone resorptive agents used to treat
conditions such as osteoporosis, Paget’s disease, hypercal-
cemia and malignant osteolytic bone-disease [36]. n-BP are
analogues of pyrophosphates, which confers their ability
to inhibit the activity of farnesyl pyrophosphate synthase
(FPPS), a key enzyme in the mevalonate pathway for iso-
prenoid synthesis in eukaryotic cells, and it is this property
that is believed to be the mechanism by which n-BP pre-
vent bone resorption by osteoclasts [30]. The natural sub-
strate of FPPS, isopentenyl pyrophosphate (IPP), is also
the prototypical endogenous antigen recognized specifi-
cally by y8 T cells that bear the canonical Vy9V32 T cell
receptor, a unique subset of innate T cells found only in the
peripheral blood of humans and some other primates such
as the rhesus monkey [34]. Vy9V82 T cells typically com-
prise between 1 and 10 % of the circulating T cell pool in
healthy individuals in industrialized countries [9]. Unlike
conventional aff T cells, y8 T cells respond to stress-asso-
ciated antigens that have no requirement for processing or
presentation by classical MHC molecules [3, 8, 22].

We previously showed that there is convincing evidence
that some of the unusual serious adverse effects of n-BP
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therapy, such as osteonecrosis of the jaw, may be linked to
their effect on the immune system [10]. Patients with sim-
ple osteoporosis and no other serious malignancy being
treated with n-BP were found to become significantly defi-
cient in circulating Vy9V32 T cells, and this loss was par-
ticularly striking in those receiving the drug intravenously
who were typically deficient within 18 months of continu-
ous treatment [10]. This finding corroborates the lack of
success of cancer immunotherapy trials that have attempted
to harness the anticancer potential of Vy9V32 T cells with
the bone-sparing effect of n-BP. In contrast to the robust
response observed in vitro using purified peripheral blood
mononuclear cells (PBMC), it has been disappointingly
noted that repeated administration of zoledronate with
interleukin-2 (IL-2) in cancer patients actually reduced the
number of Vy9V32 T cells in vivo and impaired expansion
in vitro after the first cycle of therapy [18]. In the present
study, we reveal a surprising and previously unrecognized
role of neutrophils as potent suppressors of Vy9V32 T cells
following treatment with zoledronate, which is likely to be
one of the main mechanisms leading to the stark loss of
these cells observed in patients on n-BP treatment and may
be a contributing source to n-BP-associated adverse effects.

Materials and methods
Study approval

The use of peripheral blood from healthy donors for in
vitro analysis was approved by the appropriate local ethics
committee (UKSH D 405/10).

Visualizing uptake of zoledronate by neutrophils in whole
blood

Zoledronate (kind gift from Novartis Pharma AG, Basel,
Switzerland) was conjugated to carboxyfluorescein
(CFSE) using a linker strategy similar to that described by
Kashemirov et al. [12] to fluorescently label heterocyclic
n-BP while retaining their FPPS binding property, which
we refer to as FluorZol. Whole blood collected in EDTA
tubes was diluted 1:2 in complete medium and incubated
with various concentrations of FluorZol. Cell cultures were
subsequently subjected to red blood cell (RBC) lysis using
BD FACS Lysing Solution (BD Biosciences, Heidelberg,
Germany), stained for surface markers, fixed with 1 % PFA
solution and analyzed by flow cytometry.

Isolation of leukocytes and cell culture conditions

Column-free magnetic separation using CD14 Dynabeads
(Life Technologies GmbH, Darmstadt, Germany) was used
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to deplete monocytes. Flow cytometry was used to confirm
success of depletion, which was routinely >98 %. RBC
were lysed with 1x RBC lysis buffer (BioLegend, Fell,
Germany), and leukocytes (1 x 10° cells/ml) were cultured
in complete medium (RPMI 1640 medium, glutamine, 1 %
penicillin/streptomycin and 10 % FCS; Gibco, Life Tech-
nologies, Invitrogen, Darmstadt, Germany) in 96-well
round-bottom tissue culture plates. For experiments
using only highly purified neutrophils (>99 % purity),
the EasySep Human Neutrophil Enrichment Kit (STEM-
CELL Technologies, Grenoble, France) was used for nega-
tive selection following RBC lysis of whole blood. CD14
MACS Microbeads (Miltenyi Biotec GmbH, Bergisch
Gladbach, Germany) were used to isolate monocytes from
PBMC obtained following Ficoll-Hypaque (Biochrom AG,
Berlin, Germany) density centrifugation.

2 puM zoledronate and 300 nM bromohydrin pyroph-
osphate (BrHPP; generous gift from Innate Pharma, Mar-
seille, France) were used for stimulation assays; 50 IU of
recombinant human IL-2 (Novartis, Basel, Switzerland)
was added to all cultures. Lovastatin (Sigma-Aldrich Che-
mie GmbH, Taufkirchen, Germany) was used at 1 pM.
Prolastin (al-antitrypsin; Baxter Germany GmbH, Unter-
schleiBheim, Germany) was used at 0.25 mg/ml. NS-
Hydroxy-L-arginine (NOHA) monoacetate salt (Calbio-
chem®, Merck KGaA, Darmstadt, Germany) was used to
block the activity of neutrophil arginase I and 4,000 Units/
ml of catalase from human erythrocytes (Sigma-Aldrich)
was used to inhibit neutrophil-derived hydrogen peroxide.

Flow cytometry analysis

The following fluorescently conjugated mouse anti-
human antibodies were used for flow cytometry: anti-
Vd2-fluorescein isothiocyanate (FITC) (clone IMMU389,
Beckman Coulter GmbH, Krefeld, Germany); anti-CD3-
phycoerythrin (PE) (clone SK7); anti-CD14-FITC (clone
MoP9), anti-CD25-PE (clone 2A3), anti-CD69-PE (clone
L78), anti-IFN-y-PE (clone 4S.B3) and isotype controls
mouse IgGI-FITC (clone X40) and mouse IgG2a-PE
(clone X39) were all from BD Biosciences (Heidelberg,
Germany); anti-CD66b-FITC and -PE (clone G10F5) and
anti-CD277-PE (clone BT3.1 PE) were purchased from
BioLegend (Fell, Germany). Dead cells were gated out
using LIVE/DEAD® Fixable Far Red Dead Cell Stain
Kit (Invitrogen, Life Technologies GmbH, Darmstadt,
Germany). Intracellular cytokine staining for interferon-
gamma (IFNy) was performed using BD Cytofix/Cytoperm
Fixation/Permeabilization Solution Kit with BD Golgistop
(BD Biosciences) according to the manufacturer’s direc-
tions. Golgistop was added for 4 h on day 4 of culture fol-
lowing the respective experimental treatments. Data were
acquired on a FACSCalibur (BD Biosciences, Heidelberg,
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Germany) equipped with CellQuest Software (CellQuest,
Tampa, Florida).

Assessment of BTN3A isoform expression in neutrophils
and monocytes

Purified neutrophils and monocytes (I x 10° cells each)
were pelleted and resuspended in Prisure (Promolgene,
Berlin, Germany) and stored at —80 °C for subsequent
RNA extraction and cDNA synthesis. The various BTN3A
isoforms were analyzed by real-time qPCR using a Rotor-
Gene 3000 system (LTF Labortechnik, Wasserburg, Ger-
many). SYBR green-based qPCR mix and primers for the
housekeeping genes (B-actin, beta-2-microglobulin and
18S) were purchased from Promolgene. Two different sets
of primers for each of the three isoforms of BTN3A (Sup-
plementary Table 1) were designed using the Web-based
primer3 software (http://primer3.wi.mit.edu/) and synthe-
sized by TIB MOLBIOL (Berlin, Germany). PCR condi-
tions: initial denaturation 10 min at 95 °C, followed by 40
cycles of denaturation (95 °C, 20 s) annealing (60 °C, 20 s)
and elongation (72 °C, 20 s). Data analysis was performed
according to the ACt-method 13 using the mean Ct value of
three housekeeping genes. Fold changes of the expression
levels of the analyzed genes were calculated as described
previously [24] with the expression level in monocytes set
as the control comparative group for neutrophils.

Detection of cytokines in cell culture supernatants

Cytokines in cell culture supernatants (collected and stored
at —20 °C until time of the assay) were assessed using
Luminex technology on a Bio-Plex 100 machine with
Bio-Plex Manager Version 4.1: IL-2 (171-B5003M), IL-8
(171-B5008M), granulocyte macrophage colony-stimulat-
ing factor (GM-CSF) (171-B5018M), IFNy (171-B5019M)
and tumor necrosis factor-alpha (TNFa) (171-B5026M).
Curve-fitting analysis was done using Bio-Plex Manager
software, version 5.0. Instrument and reagents were from
Bio-Rad Laboratories GmbH (Munich, Germany).

Detection of hydrogen peroxide/peroxidase in cell culture
supernatants

The Oxiselect Hydrogen Peroxide/Peroxidase Assay Kit
(Cell Biolabs Inc, BIOCAT, GmbH, Heidelberg, Germany)
was used to determine the levels of hydrogen peroxide in
cell culture supernatants.

Statistical analysis

Differences among treatment conditions and leuko-
cyte populations were assessed by two-way ANOVA

followed by Bonferroni multiple comparisons test. One-
way repeated-measures ANOVA followed by Tukey’s mul-
tiple comparison test was used to assess the contribution
of each treatment condition alone and together in experi-
ments using the different inhibitors of neutrophil-derived
factors that influenced yd T cell expansion. All tests were
two-tailed with « set at 0.05. Graphical presentation
and statistical analysis of the data were performed using
GraphPad Prism v5.03 (GraphPad Software, La Jolla, CA,
USA).

Results
Neutrophils, like monocytes, readily take up zoledronate

To track the uptake of n-BP by all peripheral blood leuko-
cytes, we fluorescently labeled zoledronate (FluorZol) in
a manner similar to that used to label risedronate (a het-
erocyclic n-BP like zoledronate), which retains its abil-
ity to block FPPS activity [12]. As previously noted [29],
monocytes were able to take up the fluorescently labeled
n-BP; whereas, lymphocytes, in particular T cells, were rel-
atively poor at ingesting the molecule (Fig. 1). Unlike pre-
vious studies that used primarily only PBMC fractions for
their studies, we additionally observed that granulocytes
(of which neutrophils make up the majority) efficiently
ingested FluorZol as well (Fig. 1).

The presence of neutrophils in leukocyte cultures treated
with zoledronate appears to inhibit Vy9V32 T cell
proliferation

Zoledronate, and other n-BP, potently induces Vy9Vs2 T
cell expansion in the presence of IL-2 using monocyte-
derived cells as antigen-presenting cells or PBMC that are
devoid of neutrophils [14, 21, 29]. The efficacy of Vy9Vs2
T cell expansion is at least equal to, if not greater than,
their synthetic phospho-antigen, BrHPP, when y8 T cells
are in the presence of monocytes treated with zoledronate
but in the absence of neutrophils, as shown in the upper
panel of Fig. 2a. To assess the outcome of the converse sit-
uation in which peripheral blood y3 T cells are in the pres-
ence of neutrophils treated with zoledronate in the absence
of monocytes, we depleted leukocytes of monocytic
cells using an antibody against their cell surface recep-
tor, CD14. y8 T cells in CD14-depleted leukocytes were
completely inhibited from proliferating following treat-
ment with zoledronate, but they were still able to respond
normally to BrHPP (Fig. 2a, middle panel; b). Zoledro-
nate-mediated y3 T cell expansion was also significantly
impaired relative to BrHPP when using all leukocytes that
contained both neutrophils and monocytes present together
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Fig. 1 Neutrophils in whole
blood take up CFSE-labeled
zoledronate (FluorZol). Flow
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in the same proportion as peripheral blood (Fig. 2a, lower
panel; b). The observed inhibition by the presence of neu-
trophils was not due to zoledronate-induced neutrophil
cell-death as the viability and proportion of neutrophils in
cultures treated with zoledronate was similar in all treat-
ment groups.
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Despite the observed inhibition on expansion in the
presence of neutrophils that have taken up zoledronate, y3
T cells show signs of activation

We assessed the up-regulation of CD25, the IL-2 recep-
tor a-chain and T cell activation marker, over a 7-day time
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Fig. 2 The presence of
neutrophils is inhibitory to
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course to determine whether the observed failure to expand
in response to neutrophils that have taken up zoledronate
could be due to a lack of activation. Figure 3 shows that
Vy9Ve2 T cells in CD14-depleted leukocytes start express-
ing CD25 by day 2 following treatment with zoledronate,
and, similar to BrHPP treatment, the majority are CD25
positive by day 4 of culture. However, in contrast to the clear
expansion of yd T cells by day 7 in BrHPP-treated cells,
there was a consistent failure of Vy9V82 T cells to similarly

CD14-depleted

T T

" All leukocytes

expand in response to zoledronate in the presence of neu-
trophils and absence of monocytes (Fig. 3), and in more
than half the donors tested (n = 14) there were actually
fewer yd T cells than baseline (median proportion relative
to baseline = 0.9, range = 0.09-3.0) under this experimen-
tal condition. Both the up-regulation of CD25 and the loss
of Vy9V32 T cells could be largely prevented by the addi-
tion of 1 wM of lovastatin (Supplementary Fig. 1), which
blocks the mevalonate pathway upstream of IPP synthesis,
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same event may also be linked to their observed loss. of neutrophils following treatment with either zoledronate
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<Fig.3 CD25 is up-regulated on Vy9V32 T cells in the absence of
monocytes but presence of neutrophils treated with zoledronate, but
they fail to proliferate. Time-course analyses of CD25 expression
(y-axis) over a period of 7 days in CD14-depleted leukocytes cultured
in IL-2 medium (left panel), IL-2 medium with 2 uM of zoledroate
(middle panel), or IL-2 medium with 300 nM of BrHPP (right panel)
revealed that CD25 expression on V32 T cells (x-axis) was initiated
by day 2 following stimulation with zoledronate, similar to BrHPP-
treated cells, and the majority were CD25 positive by day 4. How-
ever, where a notable expansion of V32 T cells could be observed in
the BrHPP-treated cells by day 7, there was a clear lack of expansion
in those cultures treated with zoledronate and, instead, fewer V82 T
cells were remaining. Percentages given in the top quadrants are the
proportion of y8 T cells gated to be either CD25-positive (upper right
quadrant) or CD25-negative (upper left quadrant)

or BrHPP, which was similar to what was observed in
their absence using PBMC (Supplementary Fig. 2),
and IFNy and GM-CSF were detectable in supernatants
of zoledronate and BrHPP-treated cultures in the presence
of neutrophils (Fig. 4). Intracellular cytokine staining by
flow cytometry confirmed that the majority of Vy9V8§2 T
cells produced IFNY in response to these treatments and
were the major source of this cytokine (Fig. 4d). How-
ever, CD14-depletion lowered the overall baseline levels
of IFNy and significantly decreased the levels of TNFa
(two-way ANOVA, F(1,18) = 9.10, p = 0.0074). The
potent inhibition of y8 T cell proliferation was not due
to IL-2 degradation as all culture supernatants still had
similarly high levels. Purified neutrophils treated with
zoledronate, however, did not produce detectable levels of
IL-8 or TNFa.

Neutrophils express BTN3A1, a molecule that plays
arole in activating Vy9V82 T cells in response
to phospho-antigens

BTN3A (also referred to as CD277) facilitates activation of
vd T cells in response to phospho-antigens, such as IPP [7].
Of the three human isoforms of BTN3A, BTN3A1 is the
primary one that fulfills this stimulatory function for y§ T
cells [7]. The inability of neutrophils to support yd T cell
proliferation in response to zoledronate was not attributable
to the lack of expression of this molecule as both their sur-
face expression of CD277 and relative gene expression of
BTN3AI1 was at least equal to, if not greater than, mono-
cytes (Supplementary Fig. 3).

Neutrophil-mediated inhibition of y3 T cell expansion

in leukocytes treated with zoledronate could be overcome
by blocking neutrophil-derived hydrogen peroxide, serine
proteases, and arginase I activity

Given that yd T cells were activated in the presence of neu-
trophils that had taken up zoledronate, there was access to

sufficient IL-2 for T cell proliferation (which is required for
optimal activation of Y3 T cells by their phospho-antigens)
but yet these innate T cells were potently inhibited from
proliferating and their numbers were reduced when in the
presence of neutrophils that had taken up zoledronate (par-
ticularly evident in the absence of monocytes) - we hypoth-
esized that the uptake of zoledronate by neutrophils may be
inducing the release of specific T-cell suppressive factors.
We tested this hypothesis by adding zoledronate to CD14-
depleted leukocytes treated with BrHPP; Fig. 5 shows that
the addition of zoledronate completely suppressed the
ability of Vy9V32 T cells to expand normally to BrHPP.
Importantly, when we took freshly purified monocytes,
incubated them with zoledronate, subsequently washed and
added them back to these CD14-depleted leukocytes—yd
T cells were able to expand in the presence of neutrophils
that had not taken up the zoledronate themselves (Fig. 5,
right panel). Similarly, when neutrophils were added back
to PBMC, they reduced the response to zoledronate specifi-
cally, and not to BrHPP; preincubation of these neutrophils
with lovastatin partially reduced this inhibition (Supple-
mentary Fig. 4). However, prior exposure of neutrophils to
n-BP, subsequent washing, and adding them back to PBMC
cultures, did not influence the expansion of y8 T cells in
response to BrHPP nor did it further reduce their expansion
to zoledronate in comparison to neutrophils that had not
been previously exposed to n-BP (Supplementary Fig. 4),
suggesting such handling removed or diluted most of the
suppressive factors that they may be producing upon zole-
dronate uptake.

In an attempt to uncover the potential mechanism(s)
contributing to this observed neutrophil-mediated inhibi-
tion following treatment with zoledronate, we used targeted
strategies to systematically block individual neutrophilic
factors. This approach revealed the contribution of three
specific neutrophil derivatives—serine proteases [15, 26],
arginase I [23, 31, 33], and hydrogen peroxide (H,0,) [5,
6, 25, 37] - to the observed y3 T cell inhibition. Figure 6
shows that when we concomitantly neutralized all three
of these neutrophil-derived factors using 0.25 mg/ml of
a-1 antitrypsin (AAT) to inhibit serine proteases, 500 uM
NOHA to specifically block arginase I activity, and
4,000 Units/ml of catalase to decompose H,0,, we were
able to completely reverse the immunosuppressive effects
of neutrophils on y3 T cell expansion and support their
survival following treatment with zoledronate—restoring
it to levels equal to or greater than BrHPP in their pres-
ence. However, the presence of monocytes was required
for their full proliferative potential. Catalase was the single
most potent agent used to reverse the immune suppression,
and in half the donors, catalase plus AAT performed simi-
lar to the complete combination of inhibitors of neutrophil
function. However, we could not detect a difference in the
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Fig. 4 Despite potent inhibition on y8 T cell proliferation by neutro-
phils that had taken up zoledronate, cytokines could still be detected
in culture supernatants. a GM-CSF and b IFNy were elevated in
response to zoledronate and BrHPP in both CD14-depleted and unde-
pleted leukocyte cultures; two-way ANOVA indicated that there was
no significant difference in the magnitude of the response between
the two groups over untreated cells. There was a significant difference
(two-way ANOVA, F(1,18) = 9.10, p = 0.0074) in the levels of (c)

overall oxidative environment when we measured H,O, in
culture supernatants despite the strong restorative effect of
catalase for yd T cell proliferation in the presence of neu-
trophils treated with zoledronate (not shown).

Discussion

Nitrogen-bisphosphonates first came into clinical use
shortly prior to 1990, and they are now the leading
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treatment of choice for a wide array of disorders of bone
fragility—in particular post-menopausal osteoporosis and
the management of cancer-associated bone disease [32].
The discovery of the serendipitous ability of n-BP to acti-
vate human peripheral blood y3 T cells came almost a
decade after approval of their clinical application. The
revelation was made when determining the cause of the
acute-phase response experienced by some patients initiat-
ing intravenous administration of n-BP [17], and it has led
to great enthusiasm for the immunotherapeutic potential
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Fig. 5 The uptake of zoledronate by neutrophils results in the sup-
pression of Vy9Vs2 T cells to proliferate normally in response to
BrHPP. CD14-depleted leukocytes were cultured over 7 days in
medium control, zoledronate, BrHPP, or BrHPP+zoledronate. In the
absence of monocytes, the clear inhibition by neutrophils by zole-
dronate treatment was made clear by the potent suppression of their
response to BrHPP when combined with zoledronate. When purified

of the seemingly perfect marriage of n-BP and the mobi-
lization of the cytolytic effector functions of y3d T cells for
the treatment of diseases such as cancer and HIV [1, 2, 13,
19, 20, 28]. Many of the clinical trials that have been ini-
tiated towards harnessing this synergistic potential relied
on in vitro studies using density gradient-separated PBMC
treated with n-BP, such as zoledronate, to assess feasibility.
These studies convincingly demonstrated the potent abil-
ity of n-BP to expand and activate human peripheral blood
Vyovd2 T cells for targeted immunotherapy. However,
the in vivo application of this approach has met with lit-
tle success. The disappointing results of the cancer immu-
notherapy trials to date have largely been attributed to the
immunosuppressive environment within the cancer patients
themselves [11]. However, we recently observed that
patients on n-BP therapy for simple osteoporosis who had
no underlying malignancy also become deficient in periph-
eral Vy9V82 T cells—especially those receiving intrave-
nous administration [10].

Roelofs et al. [29] had demonstrated that in PBMC,
monocytes are the primary cell type that take up

monocytes were treated with zoledronate, washed, and subsequently
added back to these CD14-depleted leukocyte cultures, y8 T cells
were able to expand in the presence of neutrophils that had not taken
up zoledronate themselves (far right panel). Percentages in the top
right quadrant represent the proportion of V82 T cells of the total T
cell population

zoledronate and activate y8 T cells through the produc-
tion of IPP, and lymphocytes seem to be generally incapa-
ble of fulfilling this function. By including all peripheral
blood leukocytes in our assays and not just PBMC, we
found that neutrophils also readily ingest n-BP. Relatively
little is currently known about the immuno-regulatory
influence of neutrophils on human y8 T cells; therefore,
the strikingly different consequences of n-BP uptake by
monocytes and neutrophils, respectively, on y8 T cells
and immune function were unexpected. Where monocytes
strongly support Vy9V382 T cell expansion and survival
following treatment with zoledronate, neutrophils are sur-
prisingly effective in preventing y8 T cells from prolifer-
ating despite being highly activated and appear to promote
their loss—a phenomenon that has not been described
previously. We were able to completely reverse this spe-
cific suppression by concomitantly counter-acting neutro-
phil-derived hydrogen peroxide, arginase I activity and
serine proteases following n-BP treatment. Intriguingly,
neutrophils alone were unable to provide the requisite
support y8 T cells required to meet their full proliferative
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Fig. 6 Reversal of the suppres-
sive influence of neutrophils on
v3 T cell expansion by zoledro-

IL-2 Medium

Zoledronate +

Zoledronate Combination

o

nate. a Complete reconstitution
of Vy9V82 T cell expansion
was achieved in peripheral
blood leukocytes treated with

1.4%

o
W

137

0.4%

-
o

0% 1.7%

23.6%

w

-
=)

766

V62

2 uM of zoledronate with the
simultaneous addition of cata-
lase, al-antitrypsin (AAT) and
the specific arginase I inhibitor,
NOHA (combination). b This

-
=
N

-
o
-

T T T S T T S T T I

combination performed at least
as well as 300 nM BrHPP for
the expansion of Vy9V32 T
cells. One-way repeated meas-
ures ANOVA, F(6,3) = 12.74,
p < 0.0001, followed by a
Tukey’s multiple comparisons
test showed the addition of the
complete combination of inhibi-
tors with zoledronate more
efficiently induced expansion
of Vy9V82 T cells in com-
parison to zoledronate alone

(p <0.001), zoledronate+AAT
(p <0.01), zoledronate+NOHA
(p < 0.5). However, monocytes
were needed for the full expan-
sion of y3 T cells, as these treat-
ments failed to restore complete
proliferative potential in their
absence (left panel). n = 4

1 2 3

10 10 10

25 -

20 -

15 A

10 1

Fold Change

10

4

CD14-depleted

T

10 0 10 10

u}
10

10 10 2 2

0 10

CD25

104

All leukocytes

«={— over control

capacity in response to zoledronate—even after neutral-
izing the effect of all the immune-modulatory factors that
were found to contribute to the observed inhibition; this
was achieved only with the help of monocytes. A similar
observation was made by Davey et al. [4] who found that
neutrophils that had phagocytosed bacteria released the
metabolite (E)-4-hydroxy-3-methyl-but-2-enyl pyroph-
osphate, a highly potent microbial phospho-antigen for
Vy9V82 T cells, but their full activation required cell-to-
cell contact with monocytes. This monocyte-associated
factor is unlikely to be CD277 (BTN3A), the molecule
recently determined to play a pivotal role in activating y8
T cells in response to endogenous IPP [7], as we verified
that the expression of the relevant isotype of BTN3A was
relatively high in neutrophils. Our findings support the
recent observation that monocytes in particular are central
for the activation of Vy9V32 T cells and the promotion of
the acute phase response following treatment with zole-
dronate [35].

@ Springer

In addition to the deleterious consequence on peripheral
blood y3 T cells, the effect of zoledronate on neutrophils
is likely to have wider implications on immune homeo-
stasis. A recent murine study found that treatment with
either pamidronate or zoledronate led to impaired neutro-
phil chemotaxis and increased neutrophil NADPH oxidase
activity, which suggested that prolonged n-BP use could
lead to a depressed immune system [16]. This is congru-
ent with our observation that neutrophils that have taken up
zoledronate fail to secrete IL-8 or TNFa, but instead locally
release hydrogen peroxide, a downstream metabolite of the
superoxide anion produced by NADPH oxidase. The inhi-
bition of y3 T cells by neutrophil H,0, appears to be a con-
fined phenomenon as we did not detect an overall reduced
oxidative environment. This is in line with the findings of
Pillay and colleagues who showed that neutrophils sup-
pressed T cell proliferation during systemic inflammation
by delivering H,O, through local synapses, and increased
levels of H,O, could not be detected in the overall culture
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medium despite the efficacy of catalase in partially allevi-
ating the inhibition in their system [27]. The accumulation
of IPP by neutrophils that have taken up zoledronate would
specifically lure Vy9Va2 T cells to these local synaptic
junctions as the deleterious effect appears to be specific for
this subset of T cells. There were no observable changes in
the proportion of other T cells either in vitro or in vivo in
our previous clinical study investigating the immune effects
of n-BP therapy [10]. Furthermore, we show treatment
with a statin, which would inhibit IPP production by neu-
trophils, largely prevented the zoledronate-mediate loss of
yd T cells—supporting the notion that these innate T cells
require to be drawn into a close interaction with neutrophils
to be subjected to oxidative damage.

Collectively, we anticipate this new insight on the con-
sequence of zoledronate uptake by neutrophils and the
resulting suppression of yd T cells will provide new and
improved strategies for the successful implementation
of the therapeutic potential of n-BP and provide a means
to mitigate or reduce some of the adverse effects of n-BP
treatment.
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