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Background and Objectives. Bisphosphonates are widely used for treatment of osteoporosis and
metastases of the skeletal system. Recent data suggest that bisphosphonates may not only
reduce bone loss but also exert direct anti-tumor, anti-angiogenic and yd T-cell activating effects,
properties which depend at least partially on their affinity to phagocytosing and antigen-present-
ing cells (i.e. osteoclasts and monocytes). The latter represent the major source of dendritic cells
(DC). Thus, we determined the immunomodulatory properties of zoledronic acid (ZA), a member
of the latest generation of bisphosphonates.

Design and Methods. Primary human monocytes, macrophages, immature and mature dendritic
cells were incubated with increasing doses of ZA for subsequent analysis of cell surface marker
expression and cytokine production. In addition, phagocytic and allo-stimulatory properties, dif-
ferentiation capacity, and NF-xB activation were determined.

Results. Therapeutic doses of ZA inhibited the in vitro generation of DC from monocytes, as
shown by an impaired up-regulation of maturation markers. In parallel, ZA also impaired
lipopolysaccharide-induced activation of NF-kB, which represents a critical factor for DC differen-
tiation. Accordingly, the activation of allogeneic T cells by ZAtreated DC in a mixed-lymphocyte
reaction was significantly reduced. Finally, ZA inhibited the production of tumor necrosis factor-o
in monocyte-derived cells and impaired the phagocytic capacity of macrophages and immature
DC.

Interpretation and Conclusions. Therapeutic doses of ZA modulate monocyte, macrophage and

DC function and might thereby modulate immune function.
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nous pyrophosphates in which the
central oxygen atom is replaced by a
carbon atom. This chemical modification
renders these compounds resistant to
hydrolysis and allows two additional chains
to be substituted. One of the chains general-
ly contains a hydroxyl moiety that has high
affinity for calcium crystals of the bone. The
other is responsible for the pharmacokinetic
potency of the drug. Newer generation bis-
phosphonates, such as zoledronic acid (ZA)
are 10,000 to 100,000-fold more potent than
the older generation bisphosphonates.'
Bisphosphonates are currently widely
used for the prevention and treatment of
osteoporosis as well as skeletal metastases in
patients suffering from malignant diseases,
such as breast cancer or multiple myeloma,
both of which are characterized by osteolyt-
ic lesions within the skeletal system. In addi-
tion, recent pre-clinical in vitro and in vivo
models provided evidence that high doses of
bisphosphonates may not only reduce bone
loss by inhibition of osteoclast activity, but
may also exert direct anti-tumor and anti-
angiogenic effects.* Bisphosphonates and
their metabolites have been shown to share
structural homologies with recently identi-
fied ¥d T-cell-ligands, leading to potent acti-
vation of yd T-cells.”® These effects may rep-

B isphosphonates are analogs of endoge-

resent a potential novel anti-tumor mecha-
nism induced by aminobisphosphonates,
which has been linked to the selective
expansion of Vy9V42 T-cells. Indeed,
Vy9V32 T-cells exert potent anti-tumor activ-
ity in vitro by killing malignant plasma cells
isolated from patients with multiple myelo-
ma.” In support of this concept, it was found
that the combination of pamindronate and
low-dose interleukin-2 induced the in vivo
expansion of Vy9Vd2 T-cells in a small
cohort of patients with non-Hodgkin’s Iym-
phoma.® A recent study further demonstrat-
ed that application of ZA is able to induce yd
T-cell expansion and function in patients suf-
fering from epithelial malignancies.’

Both the anti-osteolytic as well as the T-
cell activating properties of biphosphonates
have been shown to depend at least partial-
ly on the affinity of these drugs for phagocy-
tosing and/or antigen-presenting cell types,
such as osteoclasts and monocytes."" The
latter represent key players in the regulation
of the immune response and are the major
source of dendritic cells (DC). Hence, it is
tempting to speculate that ZA, a widely used
member of the latest generation of bisphos-
phonates, exerts immuno-regulatory proper-
ties by modulating monocytic cell function
and differentiation. The aim of this study
was to investigate the effects of therapeutic
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doses of ZA on monocyte/macrophage function and
DC differentiation from monocyte precursors.

Design and Methods

Reagents

Lipopolysaccharide (LPS) (from Escherichia coli 055:B5)
and fluoroscein isothiocyanate (FITC)-dextran were pur-
chased from Sigma-Aldrich (Vienna, Austria). The mono-
clonal antibodies directed against CDla, CD14, CD16,
HLA-DR, CD11c, CD40, CD83, CD86, and CD206, and
the corresponding isotype control monoclonal antibodies
were purchased from Becton Dickinson (San José, CA,
USA). ZA was a kind gift from Novartis (Austria) and was
dissolved in distilled water.

Generation of monocytes, DC and macrophages

DC and macrophages were generated from monocytes
of healthy individuals. In brief, CD14" monocytes were
isolated from peripheral blood by magnetic bead separa-
tion using anti-CD14 microbeads (Miltenyi Biotech,
Bergisch-Gladbach, Germany) to a purity that was gener-
ally >90%, as determined by FACS analysis. The purified
monocytes were either used immediately or cultured at
1x10° cells/mL in RPMI 1640 supplemented with 10%
fetal calf serum. For DC generation 1000 U/mL human
recombinant granulocyte-colony stimulating factor (tGM-
CSF), and 800 U/mL human recombinant interleukin-4
(Peprotech, London, UK) were added. Macrophages were
generated with 1000 U/mL human rGM-CSF for 10 days.
The medium was changed on day 3 and day 6, respective-
ly. For the induction of DC maturation, immature DC
were incubated with LPS (100 ng/mL) on day 6 for 24
hours. To determine the impact of ZA on myeloid cell
phenotye and function, ZA or solvent was added at 0.1
pM, 1.0 uM or 10 pM for 24 hours to monocytes, imma-
ture DC (iDC) or fully mature DC (mDC). To determine
the influence of ZA on DC maturation, ZA was added to
iDC during LPS-induced maturation.

Cytokine production

In order to detect tumor necrosis factor-a. (TNF-ot) and
interleukin-10 (IL-10) in supernatants, cells were pre-incu-
bated with either the indicated concentrations of ZA or
solvent and subsequently stimulated with LPS for an
additional 6 hours. Cytokines were assayed in super-
natants by ELISA strictly according to the manufacturer’s
instructions (BD Pharmingen, San José, CA, USA).

Flow cytometric analysis of monocytes, macrophages
and DC

The death of monocytes, macrophages or DC was
quantified using the annexin V-FITC apoptosis detection
kit (Roche, Vienna, Austria). Cells undergoing apoptosis
expose phosphatidylserine, which is normally present on
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the inner cell membrane leaflet, to the outer leaflet, allow-
ing annexin V to bind to the phosphatidylserine at the cell
surface. Cell aliquots were stained with FITC-labeled
annexin V and counterstained with propidium iodide,
which stains primary necrotic cells.

In order to determine changes of cell phenotype, ZA- or
solvent-treated cells were washed and subsequently incu-
bated with either the indicated monoclonal antibodies or
the corresponding isotype controls dissolved in phos-
phate buffered saline (PBS) containing 2% fetal bovine
serum (FBS) and 0.01% NaNs for 20 min at room temper-
ature. Cells were then acquired on a FACSCalibur (Becton
Dickinson) and data were analyzed using Cell Quest
Software.

Quantification of endocytosis

ZA- or solvent-treated monocytes, macrophages, iDC,
and mDC were washed and subsequently resuspended in
PBS for incubation with 2 mg/mL FITC-dextran (Sigma,
Vienna, Austria) at 37°C or at 4°C (negative control). After
1 (macrophages) to 6 (monocytes) hours, uptake was
stopped by adding ice-cold PBS containing 2% FBS and
0.01% NaN83. Cells were washed a further three times
and analyzed on a FACSCalibur. Surface binding values
obtained when incubating cells at 4°C were subtracted
from values measured at 37°C.

Mixed lymphocyte reaction

For the primary mixed lymphocyte reaction assay allo-
geneic CD3* T cells were magnetically isolated from
healthy donors after Ficoll-separation of peripheral blood
mononuclear cells. iDC and mDC were pre-treated with
ZA as indicated, subsequently washed and then cultured
in 96-well microculture plates along with allogeneic T
cells in complete RPMI 1640/10% FCS. On day 5 prolifer-
ation was measured by the metabolic activity of the cells
using the EZ4U system (Easy for You, Biomedica GmbH,
Austria). The red soluble formazans released into the cul-
ture medium were determined by extinction measure-
ment using the ELISA reader.

Detection of NK-x3 activation

LPS-induced activation of NF-kf in DC was deter-
mined by the chemiluminiscent EZ Detect p65
Transcription Factor Kit (Pierce, Rockford, USA) strictly
according to the manufacturer’s instructions. In brief,
whole cell fractions of LPS-stimulated DC (stimulation
duration 0.5 h) were prepared and incubated in EZ-
Detect assay plates together with 50 pL of binding
buffer for 1h. After rinsing, the primary antibody was
detected using a horseradish peroxidase-conjugated sec-
ondary antibody. The chemiluminiscent signal was
detected using a Luminometer (Wallac, Vienna, Austria).
Positive (Hela extracts) and negative controls (HeLa
extracts plus wild type NF-«xf8 competitor duplex) were
included in each assay:.



Statistical analysis

After analysis of variance, the Student’s t-test was
used. p values <0.05 were considered statistically signif-
icant. The statistical analyses were performed using
GraphPadPrism software.

Results

Low dose ZA does not induce apoptosis in monocytes
and dendritic cells

To determine the direct cytotoxic effect of ZA on
myeloid cells, CD14*-selected monocytes and iDC were
treated with increasing concentrations of ZA (0.1 uM,
1.0 uM or 10 uM) for 24 hours. As shown by
annexin/propidium iodide staining, low doses of ZA did
not induce a significant increase of the rate of apoptosis
and/or necrosis in monocytes (Figure 1A) and dendritic
cells (Figure 1B) as compared to the rate in solvent-treat-
ed cells. Similar results were obtained at 48 and 72
hours (data not shown).

Inhibition of TNF-o.-production by monocytes,
dendritic cells and macrophages

Incubation of monocytes, iDC, mDC or primary
macrophages with increasing doses of ZA for 24 hours
inhibited the LPS-induced production of TNF-o only
upon pre-incubation with 10 pM ZA (Figure 2A-D). In
contrast, LPS-induced production of the anti-inflamma-
tory cytokine IL-10 was not significantly modulated in
ZA-treated myeloid cells (Figure 2E-H).

Dose-dependent inhibition of phagocytosis by ZA

Phagocytosis enables the uptake of soluble antigens
for subsequent processing and MHC class II-dependent
or MHC class I-dependent cross-presentation. To test
the effects of low dose ZA on phagocytic properties,
cells were pre-treated for 24h with 0.1 or 1.0 or 10 pM
ZA. As shown in Figure 3, ZA dose-dependently inhib-
ited the phagocytosis of FITC-dextran by iDC and
macrophages but not by monocytes, ZA-matured DC,
or mDC. Of note, mDC and monocytes are known to
have low phagocytic capacity.

Impaired differentiation of ZA-treated monocytes
into DC

To investigate the effect of ZA on monocyte differen-
tiation into DC and on final LPS-induced DC-matura-
tion as well as on myeloid cell phenotype, CD14-select-
ed monocytes, iDC, mDC and macrophages were
exposed to 0.1, 1.0 and 10 uM of ZA. Short-term incu-
bation of CD14* monocytes with ZA did not signifi-
cantly affect the phenotype of these cells (Figure 4A and
B). In contrast, addition of ZA to iDC (Figure 4C and D)
or ZA-matured DC (Figure 4E and F) significantly inhib-
ited up-regulation of DC-specific surface markers such

ZA modulates monocyte function and differentiation

as CD83, CD86, CD40, and CD206. In contrast, the
phenotype of already fully mature DC was only mar-
ginally affected by ZA (Figure 4G and H).

ZA-treated DC have impaired allo-stimulatory
capacity

T-cell activating properties of ZA-treated DC were
determined by stimulating allogeneic T-cells with iDC,
ZA-matured DC and mDC. Figure 5A illustrates that
ZA-matured DC had a significantly impaired allo-stim-
ulatory capacity as compared to untreated DC when ZA
was added either before or during the final maturation
phase. In contrast, fully mature DC appeared to be rela-
tively resistant to the effects of ZA (Figure 5A).

ZA downregulates LPS-induced activation of NF-x3 in DC

The activation of NF-kB has been demonstrated to be
critical for the development and survival of DC.
Activation of NF-xB in DC derived from ZA-treated
monocytes was markedly reduced upon short-term

stimulation for 30 minutes with 100 ng/mL LPS (Figure
5B).

Discussion

Exposure to bisphosphonates may not only reduce
bone loss by inhibition of osteoclast activity but may
also induce profound, direct anti-tumor effects.”” Recent
reports underscored the apoptosis-inducing properties
of bisphosphonates, especially the new aminobisphos-
phonate zoledronic acid.” However, the doses used in
the presented studies were far from plasma levels
achieved after administration of the standard dose of
ZA, ie. 4 mg per month. Doses above 50 UM exert a
direct cytotoxic effect on a wide variety of tumor cell
lines in vitro."* However, after application of the standard
dose of ZA, maximum plasma levels are 1.0 uM, which
subsequently decline to 0.01 uM within 24 hours.” In
this study, we, therefore, used low doses of ZA ranging
from 0.1 uM to 10 uM and analyzed their in vitro
immuno-modulatory effects. We primarily focused on
myeloid cell types, as the major target cell type of bis-
phosphonates are osteoclasts, which belong to this
common cell family derived from a myeloid progeny.

There is already evidence that older generation bis-
phosphonates may alter the function of myeloid cells.
However, probably due to the use of different cell types,
different compounds and varying experimental setups,
the exact effect of bisphosphonates on myeloid cells
remains contradictory."*®

Here we describe for the first time that incubation of
monocytes and monocyte-derived cells (i.e.
macrophages and DC) with low doses of ZA impaired
myeloid cell function and reduced the production of the
major monocyte-derived cytokine, TNF-o.. In contrast
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Figure 1. ZA does not induce cell
death in monocytes or DC. Freshly
isolated CD14"-monocytes (A) and
monocyte-derived iDC (B) were incu-
bated for 24 hours with either 0.1
uM, 1.0 uM or 10 uM ZA or solvent
alone. A representative staining of
three independent experiments is
shown.

Figure 2. ZA inhibits the production of
TNF-o0 by monocytes, DC and
macrophages. Monocytes, monocyte-
derived iDC, mDC or primary
macrophages were incubated for 24
hours with either 0.1 uM, 1.0 uM, 10 uM
ZA or with solvent followed by stimula-
tion with LPS for 6 hours. TNF-o levels
were determined in supernatants of
LPS-stimulated (A) monocytes (n=3), (B)
iDC (n=5), (C) mDC (n=3) and (D)
macrophages (n=4). In contrast, IL-10
production was not altered in ZA-treated
(E) monocytes (n=3), (F) iDC (n=5), (G)
mDC (n=3) or (H) macrophages (n=4)
(*p<0.05).
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ZA did not affect the production of the anti-inflamma-
tory mediator IL-10. These observations demonstrate
that, at least at the dose of 10 uM, ZA impaired myeloid
cell sensitivity towards stimulation with LPS. This is in
line with a recent report showing that ZA reduced bone
loss in a model of TNF-a-mediated arthritis.” In addi-
tion, phagocytosis of FITC-dextran, which is a charac-
teristic feature of macrophages and iDC is dose-depend-
ently inhibited by ZA. This observation might be due to
alterations of the cytoskeleton, i.e. disturbed actin poly-
merization by inhibition of Rho kinases, which are
induced by bisphosphonates in tumor cell lines.”” This
would alter the rigidity of the cell membrane, thereby
modulating the phagocytic capacity of macrophages

ZA modulates monocyte function and differentiation

c

e | 1 (i

CD83

ZA-mat DC
ma Figure 3. ZA inhibits phagocytosis of iDC

and macrophages. (A) Monocytes, (B)
iDC, (C) ZA-matured DC, (D) mDC and (E)
macrophages were incubated with either
0.1 uM, 1.0 uM, 10 uM ZA or solvent for
24 hours followed by addition of FITC-
dextran and incubation at 37°C for 1
(macrophages) to 6 (monocytes) hours.
As a control, cells were incubated at 4°C
(filled line). ZA-treatment dose-depend-
ently decreased FITC-dextran uptake of
macrophages and iDC (C+E) (*p<0.05).
(B+D) ZA treatment had no effect on the
phagocytic capacities of monocytes, ZA-
matured DC or mDC.
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Figure 4. ZA impairs the maturation of
H DC. Surface marker expression of ZA-
treated (A+B) CD14*-monocytes, (C+D)
w0tz IDC, (E+F) ZA-matured DC and (G+H)
-1 ZA mDC was determined by flow-cytometry.
_=10uMZA Mean values of positive cells (left pan-

b - els) and mean fluorescent intensities
(right panels) of three independent
experiments are shown (*p< 0.05).

CD86

and iDC. In addition, ZA-induced downregulation of
CD206, which is the common receptor for FITC-dex-
tran uptake, might also be involved in the reduced
phagocytosis.” In contrast, in line with previous data,"”
mDC and ZA-matured DC displayed only low phago-
cytic capacities.

Monocytes represent an important precursor cell pop-
ulation for the generation of DC. We therefore next
focused on the effects of ZA on the in vitro differentia-
tion of DC from monocytes. Up-regulation of typical
maturation markers of DC (i.e. CD83, CD86, and
CD40) was markedly impaired, which is in line with in
vitro and in vivo data showing that mature DC have to
express the full set of co-stimulatory molecules for
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Figure 5. A. DC derived from ZA-treated monocytes have an impaired allostimulatory capacity. Immature DC, ZA-matured DC and mDC
were used as stimulator cells in a mixed-lymphocyte reaction using CD3-selected T-cells as the responder cells. The proliferation was
determined in triplicate cultures (*p<0.05). B. DC derived from ZA-treated monocytes caused decreased activation of NF-xB. CD14*-
monocytes were freshly isolated from peripheral blood mononuclear cells by magnetic beads and then incubated for 24 hours with 0.1
1M, 1.0 uM or 10 uM ZA or solvent alone. The cells were then stimulated with standard dose GM-CSF together with IL-4 for 6 days. After
maturation with 100 ng/mL LPS for 1 hour, protein extracts were prepared for the detection of NF-kB activation (*p<0.05, n=3).

induction of an efficient T-cell response.”** Accordingly,
the ability of ZA-treated DC to activate allogeneic T-
cells was also impaired.

Activation and DNA-binding of NF-kB are critical
events for proper maturation of DC.”* Interestingly, ZA
also affected LPS-induced activation of NE-kf in DC.
These observations are in line with recent reports show-
ing that the anti-angiogenic effects of ZA are due to
inhibition of matrix metalloproteinase-9 (MMP-9)
expression by tumor-infiltrating macrophages,” further
corroborating our hypothesis that monocytes/macro-
phages are target cells for ZA. MMP-9 has also been
shown to be critically regulated by NF-kB, which might
explain, at least in part, the inhibitory effect of ZA on
MMP-9 expression.”

In summary, our current report provides the first evi-
dence that pre-treatment of monocytes with therapeu-
tic doses of the new generation bisphosphonate ZA
inhibits monocyte/macrophage function and DC matu-
ration in vitro. Notably, we used low doses of ZA (0.1 to
10 pM), which more closely reflect the i vivo pharma-
cokinetics after ZA application, as the dose range is far
lower than that used in a variety of in vitro studies
demonstrating the apoptosis-inducing properties of ZA
(50 to 100 pM). Our data suggest that the effects of ther-
apeutic doses of ZA in inflammatory diseases as well as
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