Focus on hematology

Stimulation ofyd T cells by aminobisphosphonates and induction of antiplasma

cell activity in multiple myeloma

Volker Kunzmann, Eva Bauer, Juliane Feurle, Florian Wei3inger, Hans-Peter Tony, and Martin Wilhelm

Bisphosphonates are well-known inhibi-
tors of osteoclastic bone resorption, but
recent clinical reports support the possi-
bility of direct or indirect antitumor ef-
fects by these compounds. Because
bisphosphonates share structural ho-
mologies with recently identified & T-cell
ligands, we examined the stimulatory
capacity of bisphosphonatesto  y8 T cells
and determined whether 8 T-cell stimula-
tion by bisphosphonates could be ex-
ploited to generate antiplasma cell activ-
ity in multiple myeloma (MM). All tested
aminobisphosphonates (alendronate, ib-
andronate, and pamidronate) induced
significant expansion of 8 T cells

(Vy9Va2 subset) in peripheral blood
mononuclear cell cultures of healthy
donors at clinically relevant concentra-
tions (half-maximal activity, 0.9-4  nmollL).
The proliferative response of  y3 T cells to
aminobisphosphonates was IL-2 depen-
dent, whereas activation of & T cells
(up-regulation of CD25 and CD69) oc-
curred in the absence of exogenous
cytokines. Pamidronate-activated v T
cells produced cytokines (ie, interferon
[IFN]-+v) and exhibited specific cytotoxic-
ity against lymphoma (Daudi) and my-
eloma cell lines (RPMI 8226, U266). Pami-
dronate-treated bone marrow (BM)
cultures of 24 patients with MM showed

significantly reduced plasma cell survival
compared with untreated cultures, espe-
cially in cultures in which activation of
BM-y3 T cells was evident (14 of 24
patients with MM). & T-cell depletion
from BM cultures completely abrogated
the cytoreductive effect on myeloma cells
in 2 of 3 tested patients with MM. These
results show that aminobisphosphonates
stimulating 8 T cells have pronounced
effects on the immune system, which
might contribute to the antitumor effects
of these drugs. (Blood. 2000;96:384-392)
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Introduction

Bisphosphonates are the treatment of choice for diseases thaaring the T-cell receptor (TCR) represent a minor subset of
involve excessive bone resorption and have been shown to thenan peripheral T cells (1%-10%), differing from@ T cells in
effective in preventing osteolytic bone disease in several differecll surface phenotype, in limited combinatorial diversity of TCR,
malignancies, including multiple myeloma (MM¥.Chemically, and in a human leukocyte antigen-unrestricted antigen recognition.
bisphosphonates are synthetic analogues of endogenous pyrophosadults, most of thesgd T cells display a disulfide-linked
phate. Variation of their side chains contributes to the differemy9/V32 TCR1° The physiologic function ofyd T cells remains
relative potency of bisphosphonates. However, the precise mechkusive, though some evidence has been accumulated indicating
nisms whereby bisphosphonates inhibit bone resorption are still bt y3 T cells play a role in the “first line of defense” against a
completely understood. broad spectrum of invasive microorganisms such as mycobacteria.
Recent data raise the possibility that certain bisphosphonatasaddition, certain hematopoietic tumor cells (eg, Burkitt lym-
also exert antitumor effects. In this context, results of a largphoma cell line Daudi or myeloma cell line RPMI 8226) are
randomized, double-blind, placebo-controlled stuslyowed sig- specifically recognized and lysed by these T cells in Vitf.In
nificant improvement in the survival rates of a subgroup of patiententrast toa3 T cells, v T cells (Vy9V3d2* subset) recognize
with MM who entered the trial receiving intravenous pamidronateonpeptide compounds of low molecular weight (100-600 d) with
treatment in addition to salvage chemotherapy. In addition, objema essential phosphate residue. So far only 1 natural ligand has
tive remission or inhibition of disease progression has bedeen isolated from mycobacteria and characterized as isopentenyl-
reported in patients with MM who underwent pamidronate treapyrophosphate (IPP§. However, v& T cells exhibit a broad
ment alone.Furthermore, in experimental models of human breastoss-reactivity with a variety of phosphorylated metabolites, such
cancer, bisphosphonates were found to reduce tumor burdennucleotidic phosphaté&sphosphorylated sugatzand synthetic
in skeletorf pyrophosphate¥ The recognition of ubiquitous nonpeptide anti-
Several studies demonstrate the presence of a T-cell-mediageds byyd T cells suggests a surveillance function of these T cells
immune response against MM.Most experiments have focusedfor infected or transformed cells.
onaf T cells and the idiotype of myeloma cells as a target for a The structural relationship between bisphosphonates and de-
specific immune respon8eThe role of y3 T cells as possible finedyd T-cell ligands prompted us to investigate whether certain
antimyeloma effector cells has never been investigated. T cdiisphosphonates can stimulag® T cells and to determine the
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functional consequences of this stimulation. An increase of peripl@oulter—Immunotech), PE-conjugated anti-CD38 (Becton Dickinson,
eral bloodyd T cells in patients with acute-phase reaction afterieidelberg, Germany), FITC-conjugated anti-CD19 (Coulter—Immuno-
their first pamidronate treatment has already been shown int¥ivdech), and PE-conjugated anti-CD138 (B-B4/Syndecan-1; Biermann, Bad
The current study will record that only aminobisphosphonatéia”her'iTt’ferma”y)' Myeloma p'isma cells were defined as EB4%
(alendronate, ibandronate, and pamidronate) induce the activat?:o?b380 on+™ and CD19/ CD13& cells. In _aII experiments, 10000

. . . . viable cells were analyzed using forward/side-scatter gating. Isotype-
and IL-2—dependeqt prqllferatlon oMBVS? T cellg. Stimulation matched mAbs were used as controls.
of yd T cells by aminobisphosphonates (ie, pamidronate) resulted
in the induction ofyd T-cell-mediated antiplasma cell activity in .

. . . Cell preparations and culture

vitro. Thereforeyd T cells are new targets of aminobisphosphonaté
action, which might contribute to an immune response-mediate8MC and BMMC were obtained by centrifugation of heparinized
survival benefit for myeloma patients. peripheral blood or bone marrow aspirates over Ficoll-Hypaque gradients
(Pharmacia, Uppsala, Sweden)x1® cells were cultured in 96-well
round-bottom microtiter wells (Nunc, Wiesbaden, Germany) for indicated
time intervals (3 to 7 days) at 37°C in humidified atmosphere (5%)CO
Medium consisted of RPMI 1640 (Gibco, Life Technologies, Karsruhe,
Germany) supplemented with 10% pooled human AB serum, L-glutamine
(Gibco; 2 mmol/L), 1% penicillin—streptomycin (Seromed, Berlin, Ger-
We studied in vitro effects of bisphosphonates and IPP on peripheral blo@dny), and, when indicated, 10 U/mL IL-2 (generously provided by W.
mononuclear cells (PBMC) of 6 healthy donors and on bone marro8ebald; Theodor—Boveri Institute, University of Wuerzburg, Germany). For
mononuclear cells (BMMC) of 24 patients with multiple myeloma (MM),y8 T-cell depletion experiments, BMMC were depletedyéf T cells by
after obtaining their informed consent. MM was classified according to theegative selection procedures using magnetic-activated cell sorting (MACS).
Durie and Salmon staging system. Six patients were in stage |, 7 werelinbrief, BMMC were incubated with FITC-labeled anti-TGR (TCR31)
stage Il, 9 were in stage llIA, and 2 were in stage IlIB. Sixteen patients wengAb or IgG-isotype control mAb followed by anti-FITC magnetic micro-
classified as IgG, 6 as IgA, and 2 as Bence—-Jones MM subtype. Ten patigrdaicles (MACS system; Miltenyi Biotec, Bergisch Gladbach, Germany).
were evaluated at diagnosis, 5 patients were administered first-line cheméter 2 washing steps, the cells were passed through a strong magnetic field,
therapy with melphalan—prednisone, 8 patients were administered secamed effluent cells were evaluated for residyal T cells by staining with
line chemotherapy, and 1 patient underwent a relapse after high-d@e-labeled anti-TCR:d (TCR31). The negative selected BMMC consisted
chemotherapy with autologous stem cell transplantation. All patients less than 0.5%38 TCR positive cells, whereas cell viability (by trypan
receiving treatment were studied at least 4 weeks after the last daybffie exclusion test) and number of BM plasma cells (as identified by
chemotherapy or corticosteroid treatment. Patients were not taking antibig@45°w(+)/CD3g"ight+ + and CD19/CD138" * expression) remained un-
ics, nor did they show any sign of infection. Eight patients had receivaghanged after this procedure. Purification and enrichmed Gf cells for
bisphosphonates at least once before the in vitro studies: 6 were giygoliferation assays was performed by similar negative-selection proce-
pamidronate (Aredia; Novartis, Nuernberg, Germany) treatment (90 ndares. To deplete PBMC fromp T cells and natural killer (NK) cells,
intravenously every 4 weeks), 1 patient was given clodronate (Bonef@s3MC were preincubated with FITC-labeled anB-TCR (T Cell Diagnos-
Astra, Wedel, Germany) treatment (900 mg intravenously every 4 weekggs) and anti-CD 16 (Coulter—-Immunotech) mAb before they were labeled
and 1 patient was given ibandronate (Bondronat, Roche AG, Grenzaelith anti-FITC magnetic microparticles and MACS separation. Isolated
Wyhlen, Germany) treatment (2 mg intravenously every 8 weeks). cells consisted of 25% to 309® T cells and less than 0.5 T cells or
NK cells, as determined by FACS analysis. Viability was confirmed by
trypan blue exclusion test and forward/side-scatter gating.

Patients, materials, and methods

Patients

Reagents

The following compouqu were.used for stimulation assay;: isopentenwr-oIiferation assay

pyrophosphate (IPP; Sigma, Deisenhofen, Germany), 3-amino-1-hydroxy-

propylidene-1, 1-bisphosphonic acid (pamidronate; Novartis), 4-amino-ih-round-bottom microtiter wells,410* purified @B T cell~ and NK cell)
hydroxybutylidene-1, 1-bisphosphonic acid (alendronate; Fosamax; MHBMC were cultured with pamidronate (4 pmol/L), IPP (4 pmol/L),
Sharp and Dohme, Haar, Germany), 1-hydroxy-3-(methylpentylaminphytohemagglutinin (PHA; 1 pug/mL), or medium alone for 96 hours in a
propylidenebisphosphonic acid (ibandronate; Bondronat; Roche AG), dig% CG, humidified atmosphere. Absolute cell numbewdfT cells in these
dium dichloromethylidene-1, 1 bisphosphonic acid (clodronate; AstRBMC cultures was 1.0to 1.2 10*~3 T cells per well. Medium consisted
GmbH), and 1-hydroxyethylidene-1, 1-bisphosphonic acid (etidronatef RPMI 1640 supplemented with 10% pooled human AB serum, L-
Gehe Medica, Stuttgart, Germany). glutamine (2 mmol/L), and 1% penicillin-streptomycin. After a culture
period of 48 hours, IL-2 (10 U/mL) was added. During the last 12 hours of
the 96-hour culture period, cells were pulsed with 1 L&i][thymidine
(Amersham, Braunschweig, Germany). Cells were harvested with a semiau-
For evaluation of cell expansion, PBMC were harvested after a 7-deymated sample harvester, asd] thymidine incorporation was measured
culture period and were analyzed using 2-color flow cytometry (FACScaim a liquid scintillation counter (Beckman, Mghen, Germany). Results are
Becton Dickinson, Heidelberg, Germany). In some experiments, calown as cpm (geometric meanSD) of triplicate cultures.

number per well was counted to calculate the expansion of absolute cell

numbers. Monoclon_al antibodie_s (mAb) used included fluorescei_n isothiey,[Oine analysis

cyanate (FITC)-conjugated antipa® TCR (TCRd1), anti-Wy9 variable

light chain (TiyA), anti-V32 variable light chain (BB3) (all from Coulter— Quantification of cytokines (IFNs granulocyte macrophage—colony-
Immunotech, Hamburg, Germany), and amfi- TCR (WT3; Becton stimulating factor [GM-CSF], tumor necrosis factor [TN&]-in PBMC
Dickinson, Mountain View, CA) or phycoerythrin (PE)-conjugated antisupernatants was performed by enzyme-linked immunosorbent assay
CD3, anti-CD19, anti-CD14, and anti-CD16/CD56 (all from Coulter{Endogen, Woburn, MA). Supernatants were collected after 4, 12, 24, 48,
Immunotech). To identify activated peripheral blood (PB) or bone marroand 72 hours and stored at80°C after centrifugation (50@0for 10
(BM) vd T cells, FITC-conjugated antipagd TCR (TCR1) and PE- minutes) until analysis was performed according to the manufacturer’s
conjugated anti-CD25¢( chain IL-2 receptor; Coulter-Immunotech) orinstructions. Samples were analyzed in triplicate. The sensitivity of the
PE-conjugated anti-CD69 (Coulter—Immunotech) mAb were used fassays used was less than 2 pg/mL for H;Nless than 2 pg/mL for
2-color flow cytometry analysis. For identification of malignant BM plasm&M-CSF, and less than 5 pg/mL for TNE-respectively. Intracellular
cells, the following panel of mAbs was used: FITC-conjugated anti-CD4&ytokine staining was performed to determine IfNbroduction ofyd T

Cytofluorometric analysis
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cells at the single-cell level. Monensin (2 umol/L; Sigma) was added for@resence of low doses of exogenous IL-2 (10 U/mL). As shown for
hours to the cells in culture to cause intracellular accumulation of newly representative donor in Figure 1A, all tested aminobisphospho-
synthesized proteins. Cells were harvested and stained for surface expfefies (alendronate, ibandronate, and pamidronate) induced signifi-
sion of TCR+d by PE-conjugated any® TCR (TCRb1). After they were 5t qose-dependent expansion~af T cells. In contrast, the

[ 9 i ith 49 o ) .
washed with PBS/2% fetal calf serum (FCS), cells were fixed with 4{‘?on-am|nob|sphosphonates (clodronate and etidronate) were inac-
paraformaldehyde in PBS for 30 minutes at room temperature. Cells Wn?ij’le

washed with PBS/2% FCS and permeabilized with 0.5% saponin (Sig \?e even at very high concentrations (greater than 1000 mol/L).
in PBS for 30 minutes at room temperature. FITC-conjugated anti4iFNA\I @Minobisphosphonates exhibited a lower stimulating activity
(Coulter-Immunotech) was added to permeabilized cells and incubated 88N IPP, which Is _known as a potent natusal T-cell ligand
30 minutes. Afterward cells were washed with PBS/0.5% saponin af@alf-maximal activities: IPP, 0.2 pmol/L; alendronate, 0.9 umol/L;
finally with PBS/2% FCS. Samples were analyzed on a FACScan flalandronate, 1.0 umol/L; pamidronate, 4 pmol/L). Flow cytometric
cytometer. For control, samples were incubated with an irrelevant isopty@alysis revealed no significant expansion of other PBMC subpopu-
matched mAb. Specificity of anti-IFN-mAb was demonstrated by |ations (monocytes, B cells, NK cells, ang T cells) after a 7-day
preincubation of a 100- to 1000-fold molar excess of recombinantyFN-cyjture in the presence of the bisphosphonates under study (data not
together with the anti—IFN+ mAb for 1 hour before it was added to shown). The relative increase of CD3y8 T lymphocytes in
the sample.'Thls procedure resulted in greater than 90% inhibition Pésponse to IPP or aminobisphosphonates (as shown in Figure 1A)
IFN-v detection. . . .

also reflects an increase in absolute cell numbers, as determined by
Cell lines

-
=

v T-cell lines were established by culturing<L1C? freshly isolated PBMC

in standard medium (RPMI 1640 media supplemented with 10% pooled AB
human serum, 2 mmol/L L-glutamine, and 1% antibiotics) with a single
dose of aminobisphosphonate (40 pmol/L pamidronate). Aftehel8s,

IL-2 (50 U/mL) was added to the cultures, and cells weeziodically
restimulated with IL-2 (50 U/mL) every 4 to 6 days. After 2 to 3 weeks,
more than 90% of the cells expressed thg@V32 TCR, as determined by
flow cytometry. Daudi, U266, and RPMI 8226 cell lines were obtained from S T - o

the ATCC (Rockville, MD). All cell lines were grown in RPMI 1640 media TR R o ! L LA
supplemented with 10% FCS and 2 mmol/L L-glutamine.

404
30
1

1@ T cells (% CD3* a-llsr>

1w

Quantification of plasma cell number 501
Number of plasma cells in BMMC of patients with MM was calculated by
counting the number of viable cells per well and by cytofluorometric
identification of plasma cells using FACS analysis (CP48)/CD3gight++,
CD19/CD138*). On day 5 of culture, plasma cell numbers in treated and
control (medium alone) cultures were counted, and results were shown as
percentage of control culture according to the following calculation:
[plasma cell number in treated (IPP or pamidronate) culture]/[plasma cell
number in control culture (medium aloney] 100.

40

(x1000)@

30

204

cells/well

Cytotoxicity assay 1
A standard 4-hour chromium Cr 51 release assay was performed. In brief,
target cell lines (Daudi, RPMI 8226, U266, and allogeneic PHA blasts)
were labeled with 100 uCi*Cr, and 5000 cells/well were incubated in B
round-bottom triplicate wells with the pamidronate-reactiv@Vs2 T-cell Log 0001 601 01 1 10 100 1000pmol/L

line at the indicated effector/target (E/T) ratios. After 4 hours, the amount Bifyure 1. Comparison of different bisphosphonates to stimulate 3 T cells. (A)
51Cr released into supernatant was measured as cpm and expresse@a%}ity of different bisphosphonates to stimulate yd T cells. Primary PBMC of
specific lysis according to the following formula: % specific lysis% healthy donors were incubated with increasing concentrations of different bisphospho-

specific 51Cr release = (effector induced cpm— spontaneous cpm/ nates and IPP as a positive control and with low doses of IL-2 (10 U/mL). Percentage
P - P p p of v3 T cells was determined by FACS analysis using anti-CD3 and anti-yd TCR mAb

maximum cpm-— spontaneous cp 100-_ Spontaneogs CPpmM representSyier 7 days of culture. Results are shown as mean = SD of triplicate cultures in one
the amount oPICr released by target cells incubated without effector cellgepresentative donor. Similar dose-response curves were observed in 5 healthy

v T

and maximum cpm was obtained by lysis with 1 mol/L HCI. donors. Maximum v3 T-cell increase in aminobisphosphonate-stimulated cultures of
different donors ranged from 20% to 70%. PBMC cultures with bisphosphonates or
Statistical analysis IPP alone (without exogenous IL-2) or cultures with IL-2 alone exhibited no significant

increase of the & T-cell proportion (always less than 10%). @ = IPP; A =
Results are expressed as meanSD. The Student test was used to pamidronate; O = etidronate; & = clodranate; B = alendronate; and @& =
determine statistical significance of detected differenées< .05 was ibandronate. (B) Proliferation of y3 T cells stimulated by aminobisphosphonates.
considered significant. Primary PBMC were incubated with increasing concentrations of the non-

aminobisphosphonate clodronate or the aminobisphosphonate pamidronate in the
presence or absence of IL-2 (10 U/mL). Absolute numbers of yd T cells were
calculated on day 7 by counting the absolute number of viable cells per well and
ReSUItS measuring the percentage of yd T cells by FACS analysis. Control cultures revealed
the following absolute & T-cell numbers: medium alone = 0.44 X 103; medium +
IL-2 = 0.90 X 103; IPP (4 umol/L) alone = 0.33 X 103; IPP (4 umol/L) + IL-2 = 45 X
. 10%. Results are shown as mean values of triplicate cultures in 1 donor and are
to stimulate v T cells representative of similar experiments with 3 normal donors (range of vd T-cell
. .expansion in pamidronate/IL-2 cultures between 50- and 100-fold compared with
PBMC cultures of healthy donors were incubated for 7 days wi dium or clodronate/IL-2 cultures). & = clodranate; ¢ = clodranate + IL-2; A =

increasing concentrations of 5 different bisphosphonates in thgnidronate; and A = pamidronate + IL-2.

Comparison of different bisphosphonates
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counting the number ofd T cells per well on day 7. Figure 1B
shows a dose-dependent absolute increasgdol cells in the
presence of pamidronate in 1 representative experiment, whereas
the nonaminobisphosphonate clodronate failed to expghd

cells. This selectiveyd T-cell outgrowth required the presence of
low doses of IL-2 (10 U/mL).

Expansion of V y9Va2 T cells by aminobisphosphonates
in primary PBMC cultures

To investigate interindividual differences in thgd T-cell-
stimulating capacity of aminobisphosphonates, primary cultures of
freshly isolated PBMC from 6 different healthy donors were
analyzed foryd T-cell stimulation by pamidronate. Determination
of the percentage ofd T cells after 7 days demonstrated that
pamidronate induced a significant expansionydfT cells in all
donors tested, though some interindividual differences could be
observed (Figure 2A,B). Previous studies have demonstrated that
phosphorylated nonpeptidic ligands fos T cells (eg, IPP)
preferentially induce an expansion of thg9%/32 subpopulatio?

To determineyd T-cell subsets that are stimulated by aminobisphos-
phonates, primaryd T cells from healthy persons were incubated
with pamidronate, and V gene expression was determined by
2-color FACS analysis after 7 days of culture. Results showyhat

T cells, which were expanded in the presence of pamidronate,
exclusively expressed they®d and the \32 genes (Figure 2B); no

STIMULATION OF v3 T CELLS

A Medium PP Pamidronate
o3 I " o
2 - o 82%| -,
Q| Sx‘N;? T
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significant proliferation of T cells expressing other variable genes

was detected. B Anti-Vy9 (TiyA)

O Anti-V32 (BB3)

Proliferative response of naive 8 T cells to pamidronate

In additional experiments, we assessed the proliferative response of
purified v T cells to IPP and pamidronate byH] thymidine
incorporation. For this purposef T-cell- and NK-cell-depleted
PBMC of healthy donors were incubated with IPP or pamidronate
for 96 hours. After 48 hours, IL-2 (10 U/mL) was added, and cells W‘

were exposed to3f] thymidine during the last 12 hours of the Pamidronate +.> .

culture period. In line with the results obtained with unpurified |-.

PBMC cultures, IPP and pamidronate induced a significant prolif- T T T 1
eration of purifiedyd T cells in the presence of IL-2 (Figure 3). In 20 40 60 80
contrast, purifiedyd T cells did not proliferate in response to BT cells (% CD3% cells)

nonaminobisphosphonates or in the absence of exogenous IEidre 2. Selective outgrowth of V. y9Vva2 T cells on stimulation with IPP or
(data not ShOWI’]). pamidronate. Representative 2-color FACS analysis of PBMC after 7-day culture in
the presence of medium, IPP (4 umol/L), or pamidronate (4 pmol/L) using FITC
anti-yd TCR and PE anti-CD3 mAb (A). Expansion of y3 T cells in 7-day primary
PBMC cultures of 6 different healthy donors by IPP (40 pmol/L) or pamidronate (40
umol/L), as determined by 2-color FACS analysis. Results are expressed as mean =
SD of triplicates of 1 representative experiment (out of 3) for each donor (B). Analysis
. . . . of TCR V gene expression of vy T cells with specific mAb for Vy9 and V&2 variable
The activation of 'YB T cells by amlnoblsphosphonates Wa%enes of the yd TCR. Bars are mean values * SD of triplicates of donor S.R. Inthe 5
followed by the determination of CD25x{chain of IL-2R) and other donors tested, the range of Vy9V52 TCR expression varied from 85% to 95% of
CD69 expression od T cells during a 72-hour culture period of @l vo T cells (C).

PBMC cultures. As shown in Figure 4, both IPP and pamidronate

induced CD25 (Figure 4A) and CD69 (Figure 4B) expression on a - .
large fraction ofyd T cells in the absence of exogenous IL-23Ponses ofd T cells (as shown in Figure 1A,B and Figure 3) was

Induction of CD25 and CD69 ond T cells by pamidronate was dependent on exogenous IL-2, indicating that the proliferation of

dose dependent, with significant up-regulation at concentrations\/assT cells requires additional signals.

low as 0.4 pmol/L. Similar taxp T cells, the induction of CD69 ) : o ]
expression onyd T cells was more rapid starting at 24 hours,Cyt0klne production by aminobisphosphonate-activated
whereas CD25 expression was first seen after 48 hours of %%T cells

culture period. These results confirm thatT cells can recognize Several studies have shown that T-cell stimulation induces the
aminobisphosphonates such as pamidronate in the absenceet#fase of a variety of cytokines (IF{N- TNF-«, IL-2, and
exogenous cytokines such as IL-2. In contrast, proliferative r&M-CSF), particularly Thl-type cytokiné8.To investigate the

IPP 7

Kinetics of IL-2—independent
aminobisphosphonates

vd T-cell stimulation by
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Medium
(IL-2 alone)

Pamidronate

IPP

—

PHA

I T T T
0 5000 10000 15000 20000

[BH] Thymidine incorporation (cpm)

Figure 3. Proliferative response of purified vd T cells on stimulation with
pamidronate. Purified PBMC (4 X 10%well) were cultured in the presence of
medium (IL-2 alone), IPP (4 umol/L), pamidronate (4 umol/L), or PHA (1 pg/mL). Low
doses of IL-2 (10 U/mL) were added after 48 hours of culture. After 84 hours, cells
were pulsed with [3H] thymidine (1 pCi) for 12 hours. Results are shown as cpm
(mean = SD of triplicate cultures).
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(Figure 5A). A similar secretion pattern for GM-CSF and a slight
increase of TNFe (not significant) concentrations was observed in
pamidronate-treated culture supernatants, whereas cytokine concen-
trations in control cultures (medium alone) remained at a low level
(data not shown). In addition, IL-4 concentrations did not change
during the culture period (data not shown). Because cytokine
production by other mononuclear cells in pamidronate-treated
PBMC cultures could not be excluded, single-cell analysis of
cytokine production was performed by intracellular staining of
IFN-vy. As shown for a representative donor, few (1298)T cells
cultured with medium alone expressed significant intracellular
levels of IFN<«y, whereas 41% and 57% of thgd T cells,
respectively, were positive for IFN-on stimulation with pamidro-
nate or IPP (Figure 5B).

Cytotoxicity of pamidronate-activated  v& T cells

A well-defined functional characteristic of stimulat@d T cells is

functional consequences 9% T-cell stimulation by aminobisphos- their nonmajor histocompatibility complex (MHC)-restricted cyto-
phonates, cytokine concentrations in supernatants of pamidronaydic activity against various tumor targets, particularly of hemato-
treated PBMC were measured. Results show a significant increfééetic origin'® For determination of the lytic potential of aminobi-
of IFN-y concentrations detectable after 24 to 48 hours of cultue@hosphonate-activate@ T cells, pamidronate-inducegb T-cell

>
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Figure 4. IL-2—independent activation of & T cells induced by IPP or pamidro-
nate. Expression of the activation markers CD25 (A) and CD69 (B) was measured on
vd T cells after stimulation of primary PBMC with IPP (4 umol/L) or 3 different
pamidronate concentrations (0.4 pmol/L, 4 pmol/L, 40 umol/L) without exogenous
IL-2. Percentage of CD25* or CD69* v T cells was determined by 2-color FACS
analysis using anti-CD25 or anti-CD69 mAb and anti-yd TCR mAb before (0 hour)
and after (24, 48, and 72 hours) culture. In control cultures (medium alone) no
significant up-regulation of CD 25 or CD69 was detected during the culture period
(data not shown). Results represent mean values = SD of triplicate cultures of 1
representative PBMC donor. Similar activation profiles were observed in 6
healthy donors.

lines were generated from PBMC (as described in “Materials and
methods”). Cytotoxicity against 2 previously knowyd T-cell
targets (Burkitt lymphoma cell line Daudi and myeloma cell line
RPMI 8226) and another myeloma cell line (U266) was investi-
gated in a 4-hour standaPéCr release assay, in which allogeneic
PHA-induced peripheral blood leucocyte blasts served as a control.
Results showed that the pamidronate-stimulay@dT-cell line
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Figure 5. IFN-+y production of activated yd T cells. PBMC were incubated with
pamidronate (40 pmol/L) or medium alone. For a determination of the kinetics of
IFN-vy secretion, supernatants were collected at indicated time points, and cytokine
concentration was measured by ELISA. Each bar represents the mean values in
triplicate for 1 representative donor (A). Intracellular IFN-y expression of v T cells in
response to IPP or pamidronate was measured by single-cell analysis after PBMC
culture in medium alone or in the presence of IPP (40 pmol/L) or pamidronate (40
umol/L) for 72 hours. After surface staining with a y8 TCR mAb, cells were fixed,
permeabilized, and intracellularly stained with mAb against IFN-y. Percentages of
IFN-y* v8 T cells are given in the upper right panels (B). Controls using an
isotype-matched control mAb in the presence of medium alone, IPP, or pamidronate
always revealed less than 10% positive y3 T cells (data not shown). Results shown
are representative for 3 independent experiments with different healthy donors.
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exhibited strong lytic activity against Daudi and RPMI 8226 targets Medium Pamidronate PP
and intermediate cytotoxicity against U 266 targets. However, no
significant killing of allogeneic PHA blasts was observed (Figure 6).
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To determine the stimulating capacity of aminobisphosphonates on
BM-v3 T cells from patients with MM, BMMC from 24 patients
with MM were cultured with pamidronate, IPP, or medium alone.
After 72 hours, the percentage of CD25 expressiag cells was
evaluated by FACS analysis. In 14 of 24 (58%) patients, a significant
increase of CD25 expression on BM-T cells wasobserved in both
pamidronate- and IPP-treated BMMC cultures. Results of 3
representative patients are shown in Figure 7. Similar to the PBMC
of healthy donors, CD25 expression on other mononuclegpaplila- -

tions (eg,ap T cells and NK cells) remained stable during the Anti-CD25

culture period. Therefore, BM$ T-cell stimulation could be Figure 7. Induction of CD25 (IL-2 receptor  « chain) expression on BM 3 T cells

induced by pamidronate in a significant proportion of patientépatients with MM.  BMMC of patients with MM were incubated with IPP (4 umol/L)
with MM or pamidronate (4 umol/L), and the relative cell number of CD25" v3 T cells was

determined by 2-color FACS analysis using anti-CD25 and anti-yd TCR mAb after 72
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. . . . hours of culture. Solid areas represent the fluorescence distribution of CD25
Cytoreductive effects of IPP and pamidronate in multiple expression after gating on yd TCR™ cells in 3 representative patients with MM.

myeloma

Our previous unpublished experiments have shown that in viti® Table 1, IPP and pamidronate induced a significant reduction of
culture of the bone marrow biopsy specimens from patients Wiﬁlasma cells in BMMC cultures (IPP,= .0345; pamidronatd® =

MM, taken 24 hours after pamidronate infusion (90 mg intravep002) compared with control cultures=(medium with 10 U/mL
nously) revealed a significant outgrowth g6 T cells in the |_.2). Although the range of plasma cell decrease was relatively
presence of low-dose IL-2 (10 U/mL). In addition, the quantificawide, there seemed to be a correlation wjth T-cell activation.

tion of viable plasma cells before and after 1 week of culturpatients with MM who had significant up-regulation of CD25
showed a significant decrease (30%-40%) of plasma cell numt@(pression onyd T cells during BMMC culture had more
This cytoreductive effect could not be observed in bone marrg¥fominent plasma cell decreases (% plasma cells after 5 days
biopsy specimens cultured without IL-2 or in specimens frofBompared to control cultures: IPP, 87.0%28.4%; pamidronate,
patients with MM who have not received pamidronate before Bij5 995+ 38.4%; pamidronate in patients with CD255 T cells,
biopsy (data not shown). To confirm these preliminary observaz 89, + 28.8%). Plasma cell decrease was independent of the
tions, the effect of IPP and pamidronate on autologous plasma cefigial BM plasma cell number because the effect was observed in

was determined by counting the total number of viable plasma cefigtients with high and low levels of BM plasma cell infiltration.
on day 5 in BMMC cultures of 24 patients with MM. As illustrated
Antiplasma cell activity by pamidronate is mediated by Yo

T-cell-dependent and & T-cell-independent mechanisms

1 DAUDI 25| RPMI 8226 To investigate the role of® T cells in pamidronate-mediated
£ 0. % 20 antiplasma cell activity, BMMC cultures from 3 patients with MM
o 254 o were performed under standard conditions and after depletiph of
§ 204 § o T cells. These BMMC and BMMCy@ ™) cultures were challenged
@ 151 & 104 with increasing concentrations of pamidronate, and the percentage
® 10 ¥ sl of viable plasma cells was compared to that of control cultures
Z' e ol = (medium with 10 U/mL IL-2) after 5 days of exposure (Figure 8).
21 41 81 16:1 321 21 41 81 16:1 321 Pamidronate induced a dose-dependent reduction of plasma cells in

all BMMC cultures withoutyd T-cell depletion. In contrastyd
T-cell depletion abrogated the antiplasma cell effect in 2 patients

251 U266 2sJPHA-blasts (patients 1 and 2) but had no effect on the BMMC cultures of the
£ . £ 20 third patient (patient 3). Interestingly, the activation of BM-T
= = cells (increase of CD25 expression) was demonstrated only in
£ 151 g ¥ patients 1 and 2, whereas 8 T-cell activation was observed in
% 10 & 104 patient 3 (data not shown). These data confirm the important role of
® ® ] vd T cells in pamidronate-mediated plasma cell cytotoxicity, but
] they indicate that in certain patients additional mechanisms may
’ 21 41 80 161 321 " 21 41 81 161 3211 contribute to this effect.
Figure 6. Cytolytic response of pamidronate-activated v¥d T cells against

lymphoma or myeloma targets. In a standard 4-hour chromium release assay, a

pamidronate-induced v T-cell line was incubated with the Burkitt ymphoma cell line DiSCUSSion

Daudi, 2 myeloma cell lines (RPMI 8226, U266), or allogeneic PHA-induced

peripheral blood leukocyte blasts at indicated E:T ratios in the presence of low-dose . .

IL-2 (10 U/mL). Cytotoxicity is expressed as percentage specific lysis of tripli- Our results demonstrate that ammOb'SphOSphonates (alendronate,

cate cultures. ibandronate, and pamidronate) induce a dose-dependent activation
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Table 1. Antiplasma cell activity of IPP and pamidronate in multiple myeloma

Plasma cells
Treatment (%) P
Medium (n = 24) 100 —
IPP (n = 24) 87.0 £ 28.4 .0345
Pamidronate (n = 24) 65.9 = 38.4 .0002
Pamidronate (patients with activation of BM-y3 T cells)
(n=14) 54.8 +28.8 .0001

BMMC of 24 patients with MM were cultured at 1 X 10° cells/well in medium
alone (standard medium with 10 U/mL IL-2) or in the presence of IPP (4 pmol/L) or
pamidronate (4 pmol/L). In a significant proportion of patients (14 of 24 evaluable
patients) an activation (up-regulation of CD25 expression) of BM-y3 T cells could be
demonstrated by FACS analysis after 3 to 5 days in the presence of pamidronate.
After 5 days of culture, the number of viable plasma cells was determined as
described in “Materials and methods.” Results are expressed as percentage of
plasma cells according to the following calculation: [plasma cell number in treated
(IPP or pamidronate) cultures]/[plasma cell number in control cultures (medium
alone)] X 100. Plasma cell percentages in each group represent mean = SD of 24
(14) patients. The Student t test was used to determine statistical significance of
detected differences. P values refer to the comparison of the various groups with
medium alone as control.

(CD25 and CD69 expression) and expansionydfT cells in

BLOOD, 15 JULY 2000 * VOLUME 96, NUMBER 2

Induction of CD25 and CD69 expression¢® T cells occurred
in the absence of exogenous cytokines, whereas the proliferative
response ofd T cells was dependent on low doses of exogenous
IL-2 (10 U/mL). Therefore, additional costimulatory signals such
as IL-2 contribute to cellular expansion of aminobisphosphonate-
reactiveyd T cells. In previous studies, an IL-2 requirement for the
vd T cell proliferative response to other phosphorylated ligands,
such as IPP, has also been demonstr&ted.

An important question remains whether phosphorylat@d
T-cell antigens bind directly to thgd TCR or act by indirect
mechanisms. Analysis of V gene expression by flow cytometry
confirmed the preferential expansion of thg9¥d2 subset by
aminobisphosphonates, which is also expanded by all other known
phosphorylatedyd T-cell antigens’ It should be noted that all
known Wy9Vas2 T-cell ligands are very small (200-600 d), like
haptens. Recent findings support dirgét TCR participation, as
shown by TCR gene transfer experimektand a crucial role for
the TCRy chain junctional region in IPP recognition ofy9Vva2 T
cells2® Interestingly, in our experiments the non-nitrogen-
containing bisphosphonates (clodronate and etidronate) did not
exhibityd T-cell-stimulating effects, indicating an essential role of

primary PBMC cultures of hea!thy QOnors at clinically relevan{he aminoalkane group foyd T-cell stimulation by bisphospho-
concentrations, whereas nonaminobisphosphonates (clodronatermgs_ Earlier reports demonstrate that aminobisphosphonates ap-

etidronate) were inactive. Aminobisphosphonates revealed a lo
vd T-cell-stimulatory capacity than an already described pote
natural antigen (IPP). However, the concentrations necessary
T-cell activation are relevant for patients treated with aminobisphos-
phonates because the range of half-maximal activity in vitro (0.9;
umol/L) reflects peak plasma concentrations in patients after
aminobisphosphonate infusiéhGiven that these compounds are
preferentially bound to skeletal sites of bone resorption, bisphos-
phonate concentrations in bone marrow have been shown to
much highee! Therefore;yd T cells in the bone marrow compart-
ment represent an interesting target of aminobisphosphonate acfiod

in vivo.
-I‘ 1 i
Pat. 1 i asand L
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............................................................. 3
=
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Figure 8. Effect of & T-cell depletion on pamidronate-induced autologous
plasma cell decrease in BMMC cultures. BMMC of 3 patients with MM (patients
1-3) were cultured under standard conditions (medium with 10 U/mL IL-2) or after
depletion of v T cells by MACS (patients 1-3 y3~) in the presence of different
pamidronate concentrations (0.4 pmol/L, 4 pmol/L, 40 pmol/L). After 5 days, the
number of viable plasma cells was determined as described in “Materials and
methods.” Results are expressed as percentage of plasma cells according to the
following calculation: [plasma cell number in pamidronate-treated cultures]/[plasma
cell number in control cultures (medium alone)] X 100. Each bar represents the mean
value = SD of triplicate cultures.

ar to have different mechanisms of action in osteoclasts than
5n-aminobisphosphonatéslitrogen-containing bisphosphonates
Ale been shown to inhibit bone resorption and to cause apoptosis
If) osteoclasts by inhibiting a rate-limiting step in the cholesterol
biosynthesis pathway (mevalonate pathw#y¥,whereas clodro-
nate acts by the accumulation of a nonhydrolyzable toxic analogue
of adenosine triphosphat&.The inhibition of enzymes in the
ngvannate pathway might result in an accumulation of upstream
prenyl pyrophosphate metabolites such as IPP or geranylpyrophos-
hat, which can both stimulate y@V52 T cells!® Therefore,
aminobisphosphonates might activaig@ T cells simply by an
increase of stimulating prenyl pyrophosphate concentrations up-
stream of the inhibited target enzyme of the mevalonate pathway.
However, further studies must characterize the exact mechanisms
of vd T-cell stimulation by aminobisphosphonates and the involve-
ment of theyd TCR in recognition of these and other phosphory-
lated antigens.

The functional significance ofd T-cell stimulation by aminobis-
phosphonates was demonstrated by the increased secretion of
cytokines (ie, IFNy) into supernatants of PBMC cultures. Further-
more, we provided evidence that IFNis directly derived from
activatedyd T cells. Increased cytokine plasma levels (TNF-
IL-6) have been observed in patients after the first aminobisphos-
phonate treatment, and they have been associated with the clini-
cally observed acute-phase reaction that occurs in 20% to 50% of
patients almost exclusively after the first infus@@nThe cell
population responsible for this cytokine production has not been
defined thus far, but the lack of changes in IL-1 plasma levels in
vivo argues against the monocyte/macrophage lineage as the
cytokine sourc@® We have previously shown an increase of
peripheral bloodyd T cells in patients with acute-phase reactions
after the first pamidronate treatméfConsistent with this observa-
tion, the activation of T lymphocytes (increase of CD69 expres-
sion) after pamidronate, but not clodronate, treatment in vivo was
reported, though the TCR phenotype of these T lymphocytes was
not further investigated in this stu@yTherefore, an acute-phase
reaction as a side effect of the first aminobisphosphonate treatment
might be mediated by the activation and cytokine productiopdof
T cells. The failure of subsequent pamidronate administrations to
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induce either acute-phase reactions or increases of peripheral blatlto only 0.1% to 5% of all bone marrow mononuclear ceisT
v3 T cells can be explained by a lack of sufficient costimulation (egells may exert their antiplasma cell activity through direct cell
IL-2). Alternatively, bisphosphonates such @8 T-cell ligands contact-dependent lysis or by secreting inhibitory cytokines such
might function as agonists during the first contact and act #N-y, which is produced in large amounts by activatgdl T
antagonists after repetitive stimulation. This mechanism has kglIs36.37 IFN-y was reported to inhibit IL-6—dependent prolifera-
cently been described for othes T-cell antigens? tion3® and to activate Fas-mediated apoptosis of MM c&llgd

It has been thought thg® T cells have a surveillance function T.cell depletion experiments demonstrated that the cytoreductive
against tumors. Although the molecular basis for the distinctiastfects of aminobisphosphonates seem to be mediatedsby
between normal and malignant cells b§ T lymphocytes is T.cell-dependent and —independent mechanisms. Possible addi-
unknown, they can exhibit a human leukocyte antigen-unrestrictggnal mechanisms may involve the induction of apoptosis in
lytic activity against different tumor cells, especially of hematopoir—nye|0ma cells by aminobisphosphonates, as shown in 2 recent
etic origin10! Cytotoxic yd T-cell clones with specific reactivity gt ,diesi042 Similar to the molecular action of aminobisphospho-
against autologous leukemic blasts have been isolated from Bgtes in osteoclasts, the induction of apoptosis in myeloma cells
tients with acute lymphoblastic leukenfiei®andyd T cells have ignt he mediated by the inhibition of enzymes of the mevalonate
been found with increased frequency in disease-free survivors thway!2 However, the described apoptotic effects were seen at

acute leukemia after allogeneic bone marrow transplant&tionr aminobisphosphonate concentrations above peak plasma levels in

data_ confirm _the lytic potent!al of activategb T cells bec?‘u_se patients (LR, for pamidronate, 40-60 pmol/l2},whereasyd T-cell
pamidronate-inducegld T-cell lines from healthy donors exhibited _.. . S .
stimulation occurred at significantly lower concentrations (half-

cytotoxic activity against 2 already characterizgdT-cell targets, . - . .

tﬁ/e lymphoma ?:/ellgline Daudi an?j/ the myeloma-derived ?:ell ”n@axmal activity for pamidronate, 4 umol/L). Another mechanism

RPMI 8226. In addition. pamidronate-activated T cells killed Could be the suppression of IL-6 release from osteoblast-like*€ells
: P ¢ or.BM stromal cellst*

the myeloma cell line U266, which has not yet been described as'a . -
In conclusion, our results demonstrate that aminobisphospho-

target of cytotoxicyd T cells.
¢ s o nates have the ability to stimulate humg# T cells, which may

Furthermore, this study showed that B\ T cells could be | q ol I . X ith h ith
stimulated by pamidronate in 14 of 24 tested patients with MM, arjgduce antiplasma cell effects in patients with MM. Together wit

their activation was associated with a significant decrease in A€ Potential cytoreductive effects of aminobisphosphonates, this
number of autologous BM plasma cells. The failure to stimulatkell activation may contribute to the recently described remis-
BM 3 T cells in all patients with MM might reflect a defective SIons or inhibition of disease progression by pamidronate inféision
T-cell immunity in some patients with MM, as occurs in othef? Patients with MM and the survival advantage described in a
malignancies. Additionally, heterogeneity in disease stage and prisfPgroup of patients with MM.Our observation might be of
chemotherapy treatment might interfere with t&T-cell reactiv- importance for immune-based therapeutic strategies in MM and
ity against pamidronate. However, previous aminobisphosphon&i@er malignancies. To improve the efficacyif T-cell stimula-
treatment was not correlated with the failure to stimulate VI tion by aminobisphosphonates, a pilot phase I/l study has already
cells because pamidronate-naive patients and patients who un&@en initiated to evaluate the concomitant administration of
went repetitive pamidronate infusions were among those patiepgmidronate and IL-2 in myeloma patients. Further in vitro
with MM who responded. investigations with more potent aminobisphosphonates and identi-
Several other groups tried to induce effective antiplasma céitation of high-affinity phosphorylategls T-cell ligands will help
activity by the stimulation of autologous T cell835 They used to refine this immunologic strategy and to develop compounds that
broad and unspecific T-cell stimulation strategies such as anti-CB8mbine maximal bone resorption inhibition with maximyg
mAb, IL-2 or both. In contrast, our study indicated that th&-cell stimulation.
selective activation of a small T-cell subpopulationy@¥s2 T
cells) could be achieved by aminobisphosphonates, which could be
further enhanced by costimulatory signaling by exogenous IL-Acknowledgment
The plasma cell decrease observed in our BM cultures treated with
pamidronate is remarkable because Bl T cells as possible We would like to thank M. Knezevic for her expert techni-
effector cells for pamidronate-induced cytoreductive effects contribal assistance.
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