LETTER TO THE EDITOR

Influence of bisphosphonates or recombinant human

parathyroid hormone on in vitro sensitivity of acute

lymphoblastic leukemia cells to chemotherapy

Osteoporosis and osteonecrosis are serious skeletal side
effects during or following treatment of childhood acute
lymphoblastic leukemia (ALL)."?> Osteonecrosis results from
impaired blood supply to the bone, which may be caused
by intravascular emboli, increased marrow pressure,
and/or direct blood vessel injury.? This condition mainly af-
fects the weight-bearing joints and can result in chronic
pain, functional limitations, and articular collapse.® The
exact pathophysiology is not completely understood, but
hypercoagulability following exposure to corticosteroids
(especially concomitantly with asparaginase) has been
shown to be related to the occurrence of osteonecrosis.?
Osteoporosis is induced by the leukemia itself as well as
its treatment, and is co-determined by genetic suscepti-
bility.* In addition, it is associated with the occurrence of
vertebral and non-vertebral fractures in ALL patients!
Bisphosphonates, potent antiresorptive agents, are widely
used to treat osteoporosis in postmenopausal women and
older men, and are increasingly being used used to treat
bone fragility due to primary or secondary osteoporosis
in children (including those with ALL).5 Although the work-
ing mechanism is not completely understood, small (case)
studies have reported that bisphosphonates can also
ameliorate pain symptoms, enhance musculoskeletal
function, and consequently improve mobility in ALL pa-
tients with osteonecrosis.® Furthermore, intermittent ad-
ministration of recombinant human parathyroid hormone
(rhPTH), an anabolic agent, has been shown to increase
bone mineral density in postmenopausal women and in
children with steroid-treated Duchenne muscular dys-
trophy.” Nevertheless, rhPTH has only rarely been used in
children and there are currently no studies of rhPTH being
used in the pediatric cancer setting due to concerns re-
garding possible oncogenicity (osteosarcoma) in patients
with open epiphyses.’

The influence of bisphosphonates or rhPTH administration
on sensitivity to chemotherapy has not been elucidated,
since the use of these agents has only been described in
small (case) studies, in which no strong evidence for on-
cological safety has been reported. A recent preclinical
study on the effect of zoledronic acid (ZA) on ALL treat-
ment efficacy raises concerns about potential adverse ef-
fects of ZA on leukemic drug sensitivity.® Therefore, we
assessed whether in vitro administration of the bone-
modifying agents ZA, pamidronic acid (PA), and rhPTH has
an impact on the cytotoxic effects of several chemothera-

peutic agents that are commonly used during ALL treat-
ment.

In various T-cell and B-cell leukemia cell lines, methyl-thia-
zol-tetrazolium (MTT; 3-[4, 5-dimethylthiazoyl-2yl]-2, 5-di-
phenyltetrazolium bromide; Life Technologies Europe BV,
Bleiswijk, the Netherlands) assays were performed to as-
sess leukemia cell viability in vitro. The T-ALL cell lines
LOUCY, Jurkat, HBP-ALL, and SupT1 as well as the B-pre-
cursor ALL cell lines Reh, RCH-ACV, SUP-B15, RS4;11, and
NALM-6 were used (Deutsche Sammlung von Mikroorgan-
ismen und Zellkulturen, Braunschweig, Germany). We ob-
tained ZA and PA from Sigma-Aldrich (Schnelldorf,
Germany) and Teriparatide (rhPTH [1-34]) from Forsteo®, Eli
Lilly Nederland B.V. (Utrecht, the Netherlands). The chemo-
therapeutic agents vincristine, daunorubicin, dexametha-
sone, 6-mercaptopurine, pegylated asparaginase, and
prednisone were included in the experiments.
Experiments were performed to determine potential ef-
fects of the single bone-modifying agents on leukemia cell
viability. The applied concentration ranges of the bone-
modifying agents were based on previous pharmacoki-
netics studies in adult patients®™ (as these studies were
not available in children), and we used the measured peak
plasma concentrations after typically prescribed doses as
a reference. Subsequently, to test potential effects of the
bone-modifying agents on chemotherapeutic agent-in-
duced cytotoxicity, leukemia cell suspensions with or with-
out a fixed concentration of ZA, PA, or rhPTH were added
to 96-well U-bottomed plates with a serial dilution of the
chemotherapeutic agents. These fixed concentrations were
1.25 ug/mL (5-fold peak plasma concentration), 10 ug/mL
(5-fold), and 0.002 ug/mL (15-fold) for ZA, PA, and rhPTH,
respectively. In addition, experiments with 1-, 3-, or 5-fold
peak plasma concentrations of ZA or PA were performed
for dexamethasone as well as prednisone in a subset of the
leukemia cell lines (SupT1, SUP-B15, RS4;11, and NALM-6).
The 50* percentile of the maximal inhibitory concentration
(ICs) of the chemotherapeutic agents, the bone-modifying
agents, and the chemotherapeutic agents in combination
with the bone-modifying agents were determined for each
leukemia cell line. The combination index method as de-
scribed by Chou™ was used to quantify the combined ef-
fects of the chemotherapeutic agents and bone-modifying
agents on the chemotherapeutic agent-induced cytotox-
icity. We considered a median combination index of <0.90
as synergism and >1.10 as antagonism. Calculations were
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conducted in R (Vienna, Austria).

We investigated potential effects of the bone-modifying
agents ZA, PA, and rhPTH on leukemia cell viability as well
as on cytotoxic responses to the chemotherapeutic
agents in vitro. ZA, PA, and rhPTH, as single agents, showed
no direct cytotoxic effects on leukemia cell viability in all
T-ALL and B-precursor ALL cell lines within ranges of
plasma concentrations achieved in patients during clinical
application, nor at the intended fixed concentrations (Fig-
ure 1). In the dexamethasone-resistant leukemia cell lines
(i.e., LOUCY, Jurkat, HPB-ALL, Reh, and RCH-ACV) as well
as in the 6-mercaptopurine-resistant leukemia cell line
(i.e., Reh) IC, values were not reached. Therefore, potential
synergistic or antagonistic effects of ZA, PA, or rhPTH on
the cytotoxic responses to dexamethasone and 6-mercap-
topurine could not be determined in these cell lines. Ad-
ministration of ZA, PA, or rhPTH at the intended fixed
concentrations in combination with daunorubicin, 6-mer-
captopurine, or pegylated asparaginase showed median
combination index values between 0.90-1.10, indicating no
synergistic or antagonistic effect. However, dexametha-
sone in combination with ZA or PA at a 5-fold peak plasma

concentration resulted in median combination index
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Figure 1. Leukemia cell viability (%) after treatment with bone-
modifying agents. (A) Dose-response curves for all T-cell acute
lymphoblastic leukemia (ALL) and B-precursor ALL cell lines
after 4 days of exposure to 0.050-156.3 ug/mL zoledronic acid.
(B) Dose-response curves for all T-ALL or B-precursor ALL cell
lines after 4 days of exposure to 0.400-1250 ug/mL pamidronic
acid. (C) Dose-response curves for all T-ALL or B-precursor ALL
cell lines after 4 days of exposure to 0.0004-1.3 ug/mL recom-
binant human parathyroid hormone (rhPTH). The experimental
conditions in this experiment were performed in duplicate.
Data are presented as the mean of these duplicate conditions.
The dashed red line represents the ICs, value. The leukemia cell
lines included were: LOUCY (T-ALL), Jurkat (T-ALL), HBP-ALL
(T-ALL with HOX71L2/TLX3-BCL11B), SupT1 (T-ALL), Reh (ETV6-
RUNX1, BCP-ALL), RCH-ACV (E2A-PBX), SUP-B15 (BCR-ABLT),
RS4;11 (MLL-AF4), and NALM-6 (B-precursor ALL). C,.... peak
plasma concentration (as achieved in patients during clinical
application); rhPTH: recombinant human parathyroid hormone.

values of 1153 and 1.343, which may point towards a slight
antagonistic and moderate antagonistic effect, respect-
ively. For rhPTH the effect in combination with dexameth-
asone was 0.9610 (Figure 2, Online Supplementary Table
S7). Despite the fact that these fixed concentrations will
not be readily attained in the plasma of patients, we per-
formed additional experiments with 1-, 3-, and 5-fold peak
plasma concentrations of ZA or PA in leukemia cells ex-
posed to dexamethasone or prednisone to investigate
whether this was a general effect of corticosteroids or a
dexamethasone-specific effect. ZA and PA at 1- and 3-fold
peak plasma concentrations did not seem to negatively in-
fluence either dexamethasone- or prednisone-induced cell
death, with median combination index values between
0.90-110. However, dexamethasone-exposed leukemia
cells in combination with a 5-fold peak plasma concen-
tration of ZA or PA repeatedly showed median combination
index values above 1.10 (1.150 and 1.336, respectively) (Fig-
ure 3, Online Supplementary Table S2). In addition, our re-
sults indicate that ZA, PA, and rhPTH in combination with
vincristine treatment act antagonistically rather than syn-
ergistically, with median combination index values of 1192,
1.926, and 2.719, respectively. However, due to pronounced
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variability across three independent experiments, it was
not possible to obtain reproducible effects of the bone-
modifying agents on sensitivity to vincristine (Online Sup-
plementary Table S1, Online Supplementary Figure S1).

Our results support the concerns raised by Janke et al.,
who observed that ZA may reduce the antileukemic effi-
cacy of dexamethasone and pegylated asparaginase in im-
munocompetent murine ALL models,? although they were
unable to identify the exact mechanism behind this effect.
Bisphosphonates accumulate in bone, due to extensive
uptake shortly after intravenous infusion, and once em-
bedded, due to slow release (>120 days).® We hypothesize
that leukemia cells and chemotherapeutic agents may be
in close contact with (high concentrations of) bisphospho-
nates in bone tissue, as the osteoblastic bone marrow
niches, which are localized near the inner bone surface,
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are notorious for harboring leukemia cells as well as
chemotherapeutic agents.* This could potentially be the
interphase where leukemia cells are exposed to higher
levels of bisphosphonates, thereby influencing the drug
sensitivity to a greater extent than measured in our ex-
periments in which 1-, 3-, or 5-fold peak plasma concen-
trations were used. On the other hand, newly formed bone
in the interface between bisphosphonate infusions is bis-
phosphonate-naive during growth in the juvenile skel-
eton,® because bisphosphonates that are not rapidly taken
up by bone will be excreted by the kidneys rapidly after
administration.®® This suggests that alternate administra-
tion of dexamethasone and bisphosphonates (ZA or PA)
may be safe and that administration does not have ad-
verse effects on the sensitivity of leukemia cells to chemo-
therapy. However, there is currently no definitive evidence
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Figure 2. Scatterplots of the combination index values for in-
dividual leukemia cell lines and the median combination index
(and range) for all leukemia cell lines combined. (A) Scatterplot
for the combined treatment of zoledronic acid and daunorubi-
cin, dexamethasone, 6-mercaptopurine, or peglyated-asparagi-
nase (PEG-asparaginase). (B) Scatterplot for the combined
treatment of pamidronic acid and daunorubicin, dexametha-
sone, 6-mercaptopurine, or PEG-asparaginase. (C) Scatterplot
for the combined treatment of recombinant human parathyroid
hormone (rhPTH) and daunorubicin, dexamethasone, 6-mer-
captopurine, or PEG-asparaginase. Each dot on the scatterplot
represents the combination index value for individual T-cell
acute lymphoblastic leukemia or B-precursor cell lines. Data
are presented as the mean combination index of three inde-
pendent experiments conducted on different days. The median
and range for all leukemia cell lines combined are presented
in red. rhPTH: recombinant human parathyroid hormone.
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to support the hypothesis that interference of high con-
centrations of accumulated bisphosphonates in bone tis-
sue with leukemia therapy can be avoided. Hence,
preclinical experiments that study the interactions in the
bone microenvironment and clinical follow-up studies that
assess the frequency of relapse in children with ALL who
received bisphosphonates are necessary to provide further
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insight.

In conclusion, we showed that ZA, PA, and rhPTH, as single
agents, did not have direct cytotoxic effects on leukemia
cell viability at any dosage. Furthermore, in vitro adminis-
tration of ZA, PA, and rhPTH did not seem to affect the
leukemic drug sensitivity of daunorubicin, 6-mercaptopu-
rine, and pegylated asparaginase. However, when using 5-
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Figure 3. Scatterplots of the combination index values for individual leukemia cell lines and the median combination index (and
range) for all leukemia cell lines combined. (A) Scatterplot for the combined treatment of zoledronic acid (at 1-, 3-, or 5-fold peak
plasma concentration) and dexamethasone. (B) Scatterplot for the combined treatment of zoledronic acid (at 1-, 3-, or 5-fold peak
plasma concentration) and prednisone. (C) Scatterplot for the combined treatment of pamidronic acid (at 1-, 3-, or 5-fold peak
plasma concentration) and dexamethasone. (D) Scatterplot for the combined treatment of pamidronic acid (at 1-, 3-, or 5-fold peak
plasma concentration) and prednisone. Each dot on the scatterplot represents the combination index value for individual T-cell
acute lymphoblastic leukemia or B-precursor cell lines. Data are presented as the mean combination index of three independent
experiments conducted on different days. The median and range for all leukemia cell lines combined are presented in red.
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fold peak plasma concentrations, we observed that ZA and
PA had a slight and moderate antagonistic effect, respect-
ively, on dexamethasone-induced cell death. Our results
underscore the caution required when using these bone-
modifying agents in children with ALL (especially for dexa-
methasone in combination with ZA or PA), and support the
current clinical practice of administering them only in highly
selected cases (preferably in clinical trial settings). More-
over, it is still questionable how effective these bone-mod-
ifying agents are in ALL patients with (severe) osteonecrosis,
as no large studies with high quality evidence are available.
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