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Abstract Malignant histiocytosis (MH) is an aggressive
cancer derived from myeloid lineage cells in both dogs and
humans. In dogs, the tumor is characterized by the rapid
development of metastatic tumors in multiple sites,
including especially the lungs and lymph nodes. Humans
develop an analogous disease known as Langerhans cell
histiocytosis, which primarily affects children and young
adults. Because these tumors are often resistant to con-
ventional chemotherapy, there is a need for newer thera-
peutic approaches. Systemic administration of liposomal
clodronate (LC) has been shown to effectively deplete
phagocytic cells (e.g., macrophages and dendritic cells) in
mice. We investigated therefore whether LC could also be
used to treat naturally occurring MH in dogs. First, the
susceptibility of canine MH cells to LC-mediated killing
was assessed in vitro. Then the clinical safety and effec-
tiveness of LC as a treatment for MH was assessed in a
pilot study in five pet dogs with spontaneous MH. We
found that canine MH cells were very susceptible to
LC-induced apoptotic cell death, whereas other tumor cell
lines were resistant to killing by LC. Studies using labeled
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liposomes demonstrated that susceptibility to LC Kkilling
was directly related to the efficiency of liposome uptake. In
pet dogs with spontaneous MH, we found that a short
course of LC treatment elicited significant tumor regression
in two of five treated animals. These findings suggest that
liposomal delivery of clodronate and possibly other bis-
phosphonates may offer an effective new approach to
treatment of histiocytic neoplasms in dogs and humans.

Keywords Cancer - Immune - Bisphosphonate -
Macrophage - Dendritic cell

Introduction

Malignant histiocytosis (MH) in dogs (also known as his-
tiocytic sarcoma) is a neoplasm of histiocytic cell origin,
which is thought to arise from either macrophage or den-
dritic cell (DC) precursors [2, 25, 31, 40]. A similar
malignancy known as Langerhans cell histiocytosis also
develops in humans [5, 13, 41]. Malignant histiocytosis in
dogs is rapidly metastatic, and often involves multiple
organs including lung parenchyma, bone marrow, spleen,
liver, and lymph nodes [20]. Thus, MH in dogs serves as a
valuable spontaneous tumor model for Langerhans cell
histiocytosis in humans [1, 2, 41]. Malignant histiocytosis
in dogs also progresses very rapidly and is uniformly fatal,
with reported median survival times of 2—4 months [20, 31,
42]. The rapid and aggressive metastases that develop in
dogs with MH disease often render conventional treatment
modalities such as radiation therapy and surgery ineffec-
tive. Chemotherapy has also been typically unrewarding
for treatment of MH in dogs, with treatment responses to
corticosteroids and lomustine often transient and incom-
plete [31]. Given the generally aggressive nature of
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histiocytic malignancies in both dogs and humans, new
approaches to treatment are needed.

Liposomal clodronate (LC) has been used extensively to
deplete macrophages in mice for investigation of normal
and pathological immune responses in animal models of
infection, vaccination, and autoimmune diseases [6, 23, 35,
36]. A large body of literature indicates that systemic
administration of LC in mice can elicit rapid and effective
macrophage depletion [3, 15, 34-36]. Clodronate is a
bisphosphonate drug that kills osteoclasts and other mac-
rophages via induction of apoptosis, possibly mediated by
competition with ATP as a substrate for intracellular
ATPase [9, 17, 26, 27]. When clodronate is incorporated
within liposomes, uptake by phagocytic cells such as
macrophages is greatly enhanced, resulting in selective
targeting of macrophages for killing [22, 23, 36].

Liposomal clodronate has also been used successfully to
treat autoimmune hemolytic anemia (AIHA) in a rodent
model and more recently in dogs with spontaneous AIHA
[15, 21]. In the study in dogs, LC was safely administered
i.v. to dogs and induced functional depletion of macro-
phages that was sufficient to block destruction of opsonized
erythrocytes in vivo. LC also induced in vitro killing of
splenic macrophages from dogs [21].

Since MH in dogs is a tumor of macrophage and DC
origin, we wondered if LC would be an effective agent for
killing MH cells, and also whether the drug could be
administered systemically to treat dogs with spontaneous
MH. Therefore, we investigated the ability of LC to kill
canine MH cells in vitro and assessed mechanisms of cell
killing. We also conducted a pilot study to assess the safety
and efficacy of LC therapy for treatment of five dogs with
advanced MH tumors. We found that LC effectively killed
canine MH cells in vitro, primarily via delayed induction of
apoptotic cell death. Moreover, preliminary results sug-
gested that LC could be safely administered to dogs with
MH and induce antitumor activity in some treated dogs.
We conclude therefore that LC has promise as a novel
agent for treatment of histiocytic tumors in man and dogs.

Materials and methods
Cell culture and tumor cell lines

The canine MH tumor cell line DH82 and the canine
osteosarcoma cell line D17 were both obtained from the
American Type Tissue Collection (Gaithersburg, MD,
USA) [40]. Two other MH cell lines were established from
primary cultures of biopsies obtained from dogs with MH
and were a kind gift of Dr. Peter Moore (College of
Veterinary Medicine, University of California-Davis,
Davis, CA, USA). The canine thyroid carcinoma cell line
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CTAC was a kind gift of Dr. Stuart Helfand (School of
Veterinary Medicine, University of Wisconsin, USA). The
canine melanoma cell line Mel-J was derived from primary
culture of a dog with malignant melanoma [8]. All cell
lines were maintained in MEM (minimal essential medium,
Invitrogen, Grand Island, NY, USA) supplemented with
10% heat inactivated fetal bovine serum (Hyclone, Logan,
UT, USA), non-essential amino acids, L-glutamine, sodium
bicarbonate, penicillin and streptomycin. The cell lines
were maintained at 37°C in a humidified atmosphere con-
taining 5% CO,.

Preparation of liposomal clodronate and liposomal PBS

Liposomal clodronate was prepared as previously descri-
bed [21]. Briefly, phosphatidylcholine and cholesterol
(both purchased from Avanti Polar Lipids, Alabaster, AL,
USA) were dissolved in chloroform and combined at a 5:1
molar ratio in a glass round bottom tube and dried to
completeness overnight in a vacuum lyophilizer (VirTis,
Gardiner, NY, USA). To prepare mannose-containing
liposomes, p-amino phenyl mannopyranoside (Sigma-
Aldrich, St. Louis, MO, USA) was dissolved in methanol
and added at 1.75 mg per 25 mg of phosphatidylcholine
and dried down together with the phosphatidylcholine and
cholesterol lipids. Liposomes were prepared by rehydration
in a concentrated solution of clodronate (Sigma-Aldrich) as
described previously [21]. Liposomal PBS was prepared in
a similar fashion, using a 1.5 M stock of PBS instead of
clodronate to rehydrate the liposomes.

For the preparation of fluorescent liposomes, 0.5 mL of
a 1 mM solution of BODIPY cholesterol (Invitrogen,
Eugene, OR, USA) was added to the phosphatidylcholine
and cholesterol lipid solution and dried down prior to
rehydration.

MTT assay for cell viability

Cell viability was assessed using the MTT assay, as
described previously [32]. Briefly, MTT (thiazolyl blue
tetrazolium bromide, Sigma-Aldrich. St Louis, MO, USA)
was added to wells containing live cells and incubated for
2 h at 37°C. The cells were then dissolved in a 0.1 N HCI
solution in isopropanol and the absorbance was determined
using an ELISA plate reader (Multiscan Ascent, Thermo
Labsystems, Cambridge, MA, USA). Cell viability was
calculated as the mean percent absorbance of the treated
wells compared to the mean absorbance of the untreated
control wells, with the inverse of this value representing
the percentage killing. The percentage specific killing was
determined as the difference between the percentage killing
elicited by LC and the percentage killing elicited by PBS
liposomes.
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In vitro assessment of MH cell killing

Cells were pipetted into quadruplicate wells of a 96-well
flat bottomed plate at a cell density of 4 x 10* cells/well
and this cell density was used throughout the in vitro
assays. Cells were allowed to adhere for 24 h and were
then treated with LC or L-PBS at volumes of 1, 2.5, or 5%
v/v in complete tissue culture medium. The LC concen-
trations used were determined in serial dilution experi-
ments which demonstrated minimal specific killing at LC
concentrations less than 1% v/v, as well as no additional
increase in activity at LC concentrations greater than 5%
v/v (data not shown). Malignant histiocytosis cells were
incubated with LC or PBS liposomes for 72 h, as previ-
ously described for killing of mouse macrophages with LC
in vitro [23]. In some experiments, MH cells and non-
phagocytic tumor cells (carcinoma [CTAC], melanoma
[Mel-J], and osteosarcoma [D17]) were also incubated with
free clodronate at varying concentrations. Finally, DH82
cells were incubated with either free clodronate or LC at
equivalent concentrations, and analyzed via the MTT assay
after 72 h of incubation. A concentration of 1.7 mM of free
clodronate was calculated to be equivalent to the amount of
clodronate contained in 5 pl of LC, based on a previous
study done using *™Tc labeled clodronate [36].

Generation of canine monocyte-derived macrophages

Blood monocytes were obtained by plastic adherence from
blood of normal healthy dogs after separation of peripheral
blood mononuclear cells by Ficoll density separation. The
cells were incubated for 3 h at 37°C and then all non-
adherent cells were discarded. The cells were cultured in
DMEM (Dulbecoo’s modified eagle medium, Invitrogen,
Grand Island, NY, USA) supplemented with 1% glutamate,
10% heat inactivated fetal bovine serum, non-essential
amino acids, L-glutamine, sodium bicarbonate, penicillin
and streptomycin, with the addition of 10% v/v of 1929
cell conditioned medium, as described previously [24].
Cells were cultured in medium for 10 days prior to treat-
ment with LC and assessment of cell killing.

Measurement of liposome uptake by flow cytometry

BODIPY-labeled liposomes and flow cytometry were used
to quantitate liposome uptake by MH and other tumor cell
lines. Cells were re-suspended at a concentration of
5.0 x 10° cells/mL and incubated with serial dilutions of
BODIPY-labeled PBS liposomes in complete medium for
4 h at 37°C, with periodic shaking to assure even distri-
bution and uptake of liposomes. The cells were washed
twice to remove unbound liposomes. In most experiments,
incubation with trypan blue was used to quench the

fluorescence emitted by surface bound but non-internalized
liposomes prior to analysis by flow cytometry. Briefly,
trypan blue quenching was accomplished by incubating
samples with trypan blue (50 pl of a 0.008% solution of
Trypan Blue (Sigma-Aldrich, St. Louis) diluted in 1 ml of
cells) in PBS for 15 min. The percentages of internalized
and surface-bound liposomes were calculated by analyzing
samples before and after blue quenching. Flow cytometry
was done using a Cyan-ADP flow cytometry (Beckman-
Coulter, Ft Collins, CO, USA) and analysis was done using
Summit software (Beckman-Coulter).

Determination of apoptosis by Annexin V
and propidium iodide and flow cytometry

Detection of apoptotic cells was done using an Annexin V
and propidium iodide (PI) assay and flow cytometry, as
previously described [33, 38]. Briefly, cells in triplicate
wells were treated with the indicated volume of liposomes
for periods of 12-72 h. A positive control for apoptosis
was included with each experiment and consisted of cells
incubated for 6 h with a 4.5 uM solution of camptothecin
(Sigma-Aldrich). After incubation with LC or L-PBS, cells
were detached and washed and then stained with FITC-
conjugated Annexin V, according to manufacturer’s
directions (BD Biosciences, San Jose, CA, USA). Imme-
diately prior to analysis by flow cytometry, PI was added to
the cells to identify dead cells. Early apoptotic cells were
defined as Annexin® and PI", while cells in mid-apoptosis
were defined as Annexin™ and PIT, and cells in late
apoptosis were defined as Annexin~ and PI*.

Clinical evaluation of LC treatment in dogs with MH

A pilot study of LC therapy for treatment of pet dogs with
MH was conducted in five dogs with biopsy-confirmed
MH tumors. These studies were approved by the Institu-
tional Animal Care and Use Committee at Colorado State
University. Dogs were treated by i.v. administration of
LC at a dose of 0.5 ml/kg over a 60-min period, as
described previously [21]. The LC treatment was repeated
once 2 weeks later in four dogs and a third dog received a
total of three infusions administered at 2-week intervals.
Dogs were monitored for the first 24 h after treatment for
changes in body temperature and heart rate and respira-
tory rate, while complete blood count and serum bio-
chemistry values were determined prior to administration
of subsequent LC doses.

Statistical analysis

Comparison between two treatment groups was done by
Student’s paired ¢ test. For comparison of multiple
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treatment groups, ANOVA was used, followed by
Bonferroni’s multiple means comparison test. Analysis
was done using GraphPad Prism software (GaphPad,
San Diego, CA). Differences were considered statistically
significant for p values less than 0.05.

Results

Assessment of MH cell susceptibility to LC-induced
killing

Previous studies have shown that administration of LC
effectively depletes macrophages in mice, both in vitro
and in vivo [3, 15, 23, 34-36]. Therefore, we conducted
in vitro assays using three different canine MH cell lines
(DHS82, MH-1, and MH-2) to determine their suscepti-
bility to LC-induced killing. These cell lines were all
derived from dogs with spontaneous MH malignancies
and all three have been shown to express characteristics
typical of both DC and macrophages [4, 40, 42]. LC was
prepared for these studies using phosphatidylcholine lip-
osomes, as described previously [21]. However, in our
studies the PC liposomes were also modified by the
addition of a mannosylated aminophenyl group, since we
found that this modification increased uptake and killing
of murine macrophages and canine MH cells (data not
shown). Cells were incubated with indicated dilutions of
LC for 72 h and cell viability was assessed using MTT
assay [32]. Non-specific cytotoxic effects of liposomes
were controlled for by using liposomes prepared using
concentrated PBS instead of clodronate.

We found that the DH82 cell line was the most sus-
ceptibility to killing by LC, compared to the other two MH
cell lines (Fig. 1). For example, incubation with 5% LC-
induced a 69% loss in cell viability, whereas incubation
with 5% L-PBS induced only a 2.5% loss in cell viability.
In addition, LC also elicited significant specific killing of
the other two MH cell lines, also in a dose-dependent
fashion. These data indicated therefore that canine MH
cells were highly susceptible to LC killing.

Susceptibility of non-phagocytic tumor cells and MH
cells to killing by free clodronate

Free clodronate has been shown to kill osteoclasts, which
is thought to be the mechanism by which clodronate
reduces bone pain associated with skeletal metastases
[14, 28, 29]. Moreover, it is also known that free
clodronate and other bisphosphonates can elicit cytotox-
icity against certain tumor cells [7, 12, 26]. Therefore,
we assessed and compared the susceptibility of a variety
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Fig. 1 Assessment of LC-induced killing of canine MH cells in vitro.
Quadruplicate wells containing 4 x 10° MH cells per well were
treated with the indicated concentration of liposomal clodronate (LC)
or PBS liposomes (L-PBS), incubated for 72 h, then cell viability was
assessed by MTT assay, as described in “Methods”. Results are
reported as the mean (£SEM) percentage killing. In a—c, the dose-
responsiveness of DH82 cells, MH-1 cells, and MH-2 cells, respec-
tively, to incubation with LC and with L-PBS is depicted. Differences
in the percentage of killing elicited by treatment with LC and L-PBS
were compared at each time point using Student’s ¢ test. (¥ denotes
statistically significant differences of p < 0.05). These data are
representative of three independent experiments

of non-phagocytic tumor cell lines and MH cell lines to
varying concentrations of free clodronate. We also
evaluated the susceptibility of MH cells to killing by free
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clodronate versus LC. For these experiments, we used a
free clodronate concentration (1.7 mM) that was calcu-
lated to be equivalent to the total amount of clodronate
contained in 5 pl of LC, based on determinations from a
previous study [36].

We found that all the tumor cell lines evaluated were
susceptible to killing by free clodronate in a dose-depen-
dent manner (Fig. 2a). There were no significant differ-
ences in the dose response curves amongst the different
cell lines evaluated. Interestingly, two out of the three
non-phagocytic cell lines showed significantly more sus-
ceptibility to free clodronate than DH82 cells at high
concentrations (Fig. 2b). Similar results were obtained for
the other two MH cell lines evaluated (MH-1 and MH-2,
data not shown).

We next compared the degree of killing achieved in
MH cells between free clodronate and LC. The degree of
killing elicited in MH cells by free clodronate was sig-
nificantly lower than that generated by LC treatment,
when adjusted for addition of equivalent amounts of
clodronate. In addition, given the rapid distribution of free
clodronate into bone following systemic administration, it
is very unlikely that such a high, sustained dose of
clodronate or other bisphosphonate drug could be attained
in vivo [16, 18, 39].

Effects of LC treatment on non-phagocytic tumor cell
lines

Experiments were conducted next to determine whether LC
was capable of killing non-phagocytic tumor cell lines as
effectively as the phagocytic MH cell lines. Therefore,
killing of three non-phagocytic canine tumor cell lines by
LC, including carcinoma (CTAC cells), sarcoma (D17
cells) and melanoma (Mel-J cells) cell lines was compared
to killing of MH cell lines.

We found that all three non-phagocytic cell lines were
relatively refractory to specific killing by LC at all doses
evaluated (Fig. 3). However, when incubated with free
clodronate, all three of these tumor cell lines were sus-
ceptible to cell killing by clodronate (Fig.2). These
results indicated therefore that the resistance of non-
phagocytic cells to killing by LC was not mediated by
inherent resistance to the cytotoxic effects of clodronate,
but was instead more likely related to decreased uptake
of LC.

We also compared the relative susceptibility of the three
different canine MH cell lines to killing by LC and found
that there were substantial differences between the three
lines (Fig. 3). For example, the DH82 cell line was sig-
nificantly more susceptible to LC-mediated killing than
either the MH-1 or MH-2 cell lines. These findings indi-
cated that there might be substantial tumor-to-tumor
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Fig. 2 Susceptibility of tumor cells to killing by free clodronate versus
liposomal clodronate. Killing of a canine MH cell line (DH82) was
compared to killing of three non-phagocytic canine tumor cell lines
(thyroid carcinoma {CTAC}, malignant melanoma {Mel-J} and
osteosarcoma {D17}). The percentage of killing was determined after
72 hof incubation with varying concentrations of free clodronate (a) or
at a maximal concentration of 6.7 mM free clodronate (b). Differences
amongst the groups were assessed using ANOVA followed by
Bonferroni’s post-test. Although there were no significant differences
between the dose response curves (a), there was significantly more
killing (*, p < 0.05) in the D17 and CTAC cell lines when compared to
DHS?2 cells at the 6.7 mM concentration of clodronate. In (c), DH82
cells were incubated with a 5% solution of LC or with 1.7 mM solution
of free clodronate for 72 h and cell viability was assessed by MTT
assay, as described in “Methods”. The percentage specific killing of
DHS?2 cells elicited by LC was determined. Killing of DH82 cells
elicited by LC and free clodronate was compared statistically using
Student’s ¢ test. Significant differences are denoted by * (p < 0.001).
The data shown are representative of three independent experiments

heterogeneity in susceptibility to LC killing in dogs with
MH tumors, or potentially in humans with Langerhans
histiocytosis.
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Fig. 3 Susceptibility of phagocytic and non-phagocytic tumors to
killing by LC. Killing of canine MH cell lines (DH82, MH-1, MH-2)
by LC was compared to killing of three non-phagocytic canine tumor
cell lines (thyroid carcinoma {CTAC}, malignant melanoma {Mel-J}
and osteosarcoma {D17}). The percentage specific killing was
determined as the difference between the percentage killing elicited
by LC and the percentage killing elicited by PBS liposomes for all
cell lines shown. In (a), dose response curves of LC percentage
specific killing were determined for the DH82 cell line and three non-
phagocytic tumor cell lines (CTAC, D17, Mel-J). In (b), the
percentage specific killing elicited by 5% LC was plotted for MH
cells (DH82) and three non-MH tumor cell lines. Specific killing was
significantly greater (*, p < 0.05) for DH82 cells than for the other
three tumor cell lines, as assessed by ANOVA, followed by
Bonferroni’s post-test. In (c¢), LC-specific killing of three different
MH cell lines was compared, using LC at a concentration of 5%.
Killing was significantly greater (*, p < 0.05) for DH82 cells than
for the other two MH cell lines, as assessed by ANOVA with
Bonferroni’s post-test. The data shown are representative of three
independent experiments

Susceptibility of canine monocyte-derived
macrophages to killing by LC

The preceding experiments established that MH cells were
very susceptible to killing by LC. However, we also wished
to compare the relative LC susceptibility of malignant MH
cells (derived from macrophages and/or DC) and non-
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transformed canine macrophages. Therefore, primary cul-
tures of canine monocyte-derived macrophages were
established and the cells were incubated with LC for 72 h
and cell killing was assessed. We found that LC-induced
significant specific killing of canine monocyte-derived
macrophages (Fig. 4). Interestingly, two of the three canine
MH cell lines were much more susceptible to LC killing
than monocyte-derived macrophages. For example, at a 5%
concentration of LC, 32% specific killing of monocyte-
derived macrophages was observed, whereas there was
69% killing of DHS82 cells and 45% killing of MH-1 cells.
Thus, MH cells may be inherently more susceptible to LC
killing than normal macrophages.

Assessment of liposome uptake by MH and non-MH
cells

In the preceding experiments, heterogeneity in MH cell
susceptibility to killing by LC was observed (see Fig. 1). In
addition, we also found that the resistance of non-phagocytic
cells to killing by LC was not due to inherent resistance to
the cytotoxic effects of free clodronate (data not shown).
Therefore, the observed differences in susceptibility to LC
killing could likely be accounted for in part by differences in
liposome uptake. To address this question, fluorescently
labeled liposomes were used to compare liposome uptake by
MH cell lines and by non-MH tumor cell lines.

Cells were incubated in suspension at a concentration of
5.0 x 10° cells/mL with PBS liposomes labeled with the
fluorescent dye BODIPY, as described in “Methods”.
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Fig. 4 Killing of primary monocyte-derived macrophages by LC.
Monocyte-derived macrophages (MDM) were generated from the
blood of healthy dogs as described in “Methods”. After 7 days in
culture, the MDM were treated with LC or PBS liposomes (L-PBS)
and cell viability was analyzed 72 h later by MTT assay. Cell
viability following incubation with 5% LC or 5% L-PBS at each time
point was statistically compared using Student’s ¢ test. Significant
differences (p < 0.05) were denoted by *. The data shown are
representative of three independent experiments
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After 4 h of incubation, the cells were washed and ana-
lyzed for uptake of labeled liposomes by flow cytometry.
To distinguish surface-bound (i.e., non-internalized) lipo-
somes from internalized liposomes, trypan blue was used to
quench fluorescence by surface-bound liposomes, as noted
previously [19].

Liposome uptake by all three MH cells was significantly
higher than uptake by the three non-MH cell lines (Fig. 5).
For example, the percentage of cells that contained inter-
nalized liposomes after 4 h incubation was almost 90% in
DHS2 cells, whereas uptake by each of the three non-MH
cell lines was less than 10% of the total cell population.
These results suggested therefore that difference in sus-
ceptibility to LC-induced cell killing could be explained
almost entirely by differences in the efficiency of phago-
cytosis and liposome uptake.

The efficiency of liposome uptake was also significantly
different within the three MH cell lines. For example, the
DHS2 line exhibited significantly greater uptake of labeled

liposomes than did either of the other two MH cell lines
(Fig. 5). The efficiency of liposome uptake also correlated
directly with the efficiency of LC killing in the three MH
cell lines (see Fig. 1). The decreased susceptibility of the
MH-1 and MH-2 cells to LC killing was not, however, due
to inherent resistance to the effects of free clodronate itself,
as the MH1 and MH2 cell lines were actually more sus-
ceptible to free clodronate than the DHS82 cells (Fig. 2 and
data not shown). Therefore, the relative ability to phago-
cytose liposomes appeared to be a primary determinant of
the susceptibility of different MH cell lines to LC-mediated
cell killing. This result suggests that highly phagocytic MH
tumors would be more susceptible to treatment with LC
treatment than less phagocytic tumors.

Mechanisms of cell death induced by LC treatment

Previous studies using murine macrophages have shown
that LC-induced cell death was mediated primarily by
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Fig. 5 Comparison of liposome uptake by MH and non-MH tumor
cell lines. Flow cytometry and fluorescently labeled liposomes were
used to assess liposome uptake and internalization. Cells were
incubated with BODIPY-conjugated PBS liposomes for 4 h at 37°C,
then washed and quenched with trypan blue to exclude surface-bound
liposomes, followed by evaluation by flow cytometry, as described in
“Methods”. In (a), representative dot plots of untreated DH82 cells
(left panel), DH82 cells incubated with labeled liposomes (middle
panel), and canine melanoma cells (Mel-J) incubated with liposomes
(right panel) are shown. In (b), the mean percentages (=SEM) of

liposome™ tumor cells were plotted. The percentage of DH82 cells
containing internalized liposomes was significantly higher than for
either of the three canine non-MH tumor cell lines, as assessed by
ANOVA with Bonferroni’s post-test (*; p < 0.05). In (c¢), the mean
percentage of DH82 cells containing internalized liposomes was
significantly higher than for the other two canine MH tumor cell lines
(MH-1 and MH-2), as assessed by ANOVA with Bonferroni’s post-
test (*; p < 0.05). These data shown are representative of three
independent experiments
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induction of apoptosis, though with delayed kinetics rela-
tive to apoptosis induced by many chemotherapy agents
[26, 37]. Therefore, we investigated whether apoptosis
might also account for LC-induced cell death in canine MH
cells. For these assays, MH cells were incubated with LC
for varying lengths of time, then stained with Annexin V
and PI and analyzed via flow cytometry to identify apop-
totic cells, as described in “Methods”.

Treatment with LC-induced a significant increase in the
percentage of early apoptotic and mid-apoptotic cells
(Fig. 6). For example, the percentage of early apoptotic
cells increased from 3.5% (£0.6%) of cells prior to treat-
ment to 21.6% (£1.7%) of cells following 48 h of incu-
bation with LC. The MH-1 and MH-2 cell lines also
underwent apoptosis following LC treatment, with similar
kinetics as for DH82 cells (data not shown). Thus, the
majority of cell death induced in MH cells by LC treatment
appeared to be mediated by induction of apoptosis.

The kinetics of induction of apoptosis by LC in MH
cells was examined next. These studies were prompted by
the fact that induction of cell death (as assessed by cell

Fig. 6 Induction of apoptosis in (A)

L-PBS Treated

viability assay) was relatively slow following incubation
with LC and did not become apparent in the first 12-24 h
of incubation. For example, classical inducers of apoptosis
in macrophages such as staurosporine or camptothecin
induced large increases in apoptosis within 6-8 h of
incubation. In contrast, maximal induction of apoptosis in
MH cells was not observed until 48 h after treatment with
LC (Fig. 6). The delay in induction of apoptosis by LC in
MH cells could be related the mechanism of action of
clodronate, which involves competitive inhibition for ATP
binding, a process that would be expected to induce cell
death relatively slowly [14]. In addition, uptake and release
of the contents of the clodronate containing liposomes into
the MH cell cytoplasm may have also been a rate limiting
factor.

Clinical evaluation of LC as a therapeutic for treatment
of histiocytic cancer

The preceding experiments indicated that LC was an
effective agent for killing MH cells in vitro. Clinically, MH

LC Treated

MH cells following treatment ‘ 104 e
with LC. DHS82 cells were
incubated with 5% LC or L-PBS
for the indicated time period and
induction of apoptosis was 1034
assessed using flow cytometry
and Annexin V and propidium
iodide (PI), as noted in
“Methods”. In (a), 1024
representative dot plot at 48 h of ki
DH82 MH cells treated with LC
or L-PBS. In (b), the time
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three independent experiments
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in dogs is typically refractory or only moderately suscep-
tible to treatment with conventional chemotherapy drugs
[2, 25]. As a consequence, most dogs with MH are
euthanized within weeks of diagnosis. Our in vitro studies
indicated that LC had significant activity against MH cell
lines. Thus, it was reasonable to propose that systemic
administration of LC might be used therapeutically in dogs
with spontaneous MH tumors. Fortunately, a safe and
effective dose for i.v. administration of LC to healthy dogs
and dogs with spontaneous autoimmune hemolytic anemia
had been established by our group recently [21]. Therefore,
we conducted a pilot study to evaluate the safety and
potential efficacy of LC administration as a new approach
to treatment of MH and potentially other histiocytic
neoplasms.

Five pet dogs MH were enrolled in a clinical trial to
evaluate the use of LC for treatment of MH. All of the dogs
had previously failed conventional chemotherapy, includ-
ing treatment with predisone and lomustine. Dogs enrolled
in the LC study were treated every other week by i.v.
infusion of LC, using a dose of 0.5 ml/kg established in an
earlier study [21]. The infusion was administered slowly
over a 60-min period through a peripheral intravenous
catheter. Animals were monitored during the infusion for
acute adverse effects (respiratory, heart rate, blood pres-
sure) and for the next 8 h for side-effects such as fever and
respiratory and cardiovascular signs. Additional treatments
were administered at 2-week intervals, using the same LC
dose and delivery schedule.

Dog 1 A spayed female mixed-breed dog was diagnosed
with a large subcutaneous MH tumor on the shoulder. The
tumor had not responded to two prior treatments with
lomustine. The dog received two i.v. infusions of LC
administered 2 weeks apart. The dog developed significant
fever within 12 h of administration of each of the two LC
treatments and the febrile episodes lasted for approxi-
mately for 24 h. Other adverse effects were not noted. The
dog was evaluated for a period of a month following the
two LC treatments, but no objective tumor response was
noted.

Dog 2 A castrated, mixed-breed dog developed a cuta-
neous MH located on the flank. The tumor did not respond
to prior treatment with prednisone. The dog received two
i.v. infusions of LC, given 2 weeks apart, with no evidence
of treatment related adverse effects. During the 4-week
treatment period, objective tumor responses were not noted
and treatment was therefore discontinued. However, when
the dog was re-examined 10 months later, the previously
noted cutaneous MH tumor was observed to have com-
pletely regressed. This dog also had a large solitary pul-
monary mass that was present at the time of initial MH
diagnosis, though the lung tumor was not biopsied. The

lung tumor did not respond to treatment and continued to
grow slowly. Based on the tumor location, solitary nature,
and slow growth rate it was considered to most likely be a
primary lung tumor, though this was not confirmed by
histopathology.

Dog 3 A castrated male Golden Retriever dog developed
metastatic MH involving the lungs, adrenal glands, and
liver, which was noted on CT scan (Fig. 7). Prior treatment
with prednisone and lomustine had not produced objective
tumor responses. The dog then received two LC infusions,
2 weeks apart. Adverse effects related to the LC infusions
were not noted.

On follow-up CT scan taken 10 weeks after the last LC
treatment, significant tumor regression at multiple sites was
noted (Fig. 7). Additional treatments were not administered
and the dog was followed up with routine rechecks. Five
months after completion of LC treatment, the dog devel-
oped fatal cardiac arrhythmias and was humanely eutha-
nized. On post-mortem examination of the lungs and
adrenal glands, there was no histologic evidence of the
prior biopsy-confirmed MH tumors. However, MH was
found in the left ventricle of the heart, which was presumed
to be the cause of the fatal arrhythmia.

Dog 4 A spayed female Bernese Mountain Dog devel-
oped enlarged hilar lymph nodes, a caudal lung mass and a
cranial mediastinal lung mass. Cytologic examination of
aspirates of the masses were consistent with a diagnosis of
MH. Prior treatment with carboplatin and prednisone had
elicited only minimal tumor responses. The dog received
two LC treatments, given 2 weeks apart. During the
4-week treatment period, adverse effects were not
observed. However, at the end of this period, an objective
tumor response was not noted and the treatment was
therefore discontinued.

Dog 5 A castrated male Bernese Mountain Dog was
diagnosed by thoracic radiographs and biopsy with pul-
monary metastatic MH. Prior treatment with prednisone
and lomustine had not produced a significant tumor
response. The dog was therefore treated with two LC
infusions, administered 2 weeks apart. During the 4-week
treatment period, adverse effects were not observed.
However, at the end of the treatment period, an objective
tumor response was not noted on repeat thoracic radio-
graphs and the treatment was therefore discontinued.

Discussion
Previous studies have shown that LC is an effective mac-

rophage depleting agent in rodents, following either sys-
temic or local injection [6, 23, 35, 36]. In addition, the
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Fig. 7 Tumor responses

following LC treatment in a dog

with malignant histiocytosis.

A dog with metastatic MH was
evaluated by CT imaging. Prior

to treatment (left panels), there

were large metastases in the

lungs (upper panel, arrow) and

the adrenal glands (bottom =T
panel, arrow). The dog was then g
treated with two i.v. infusions of .|
LC 2 weeks apart, as described

in “Methods”. When CT

imaging was repeated 3 months

later (right panels), there was

marked reduction in the size of

both lung and adrenal

metastases. At necropsy

5 months later, there was no

evidence of MH in either the

lung or adrenal sites
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clinical potential for LC treatment to be used as a treatment
of autoimmune diseases has been evaluated in rodent
models and in a study in pet dogs with autoimmune
hemolytic anemia [3, 15, 21]. There are also several rela-
tively recent reports evaluating the use of LC treatment in
mouse tumor models [11, 43]. However, the current study
is the first to our knowledge to investigate the potential for
systemically administered LC therapy to be used for
treatment of histiocytic neoplasms, particularly inasmuch
as the studies were conducted in a large animal spontane-
ous tumor model.

Notably, we found that systemic LC therapy was well-
tolerated in dogs with MH, even those with advanced
disease and large tumor burdens. In addition, these pre-
liminary studies demonstrated that LC administration was
capable of inducing significant tumor responses in some
treated animals. Thus, these results suggest that liposome-
encapsulated bisphosphonate therapy warrants further
evaluation as a potential treatment for histiocytic malig-
nancies such as Langerhans cell histiocytosis in humans
and dogs.

In vitro, LC was found to be very effective at killing
canine MH cells. Liposome uptake studies also revealed
that only phagocytic tumors were susceptible to the effects
of LC-induced killing, even though non-phagocytic cells
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were in some cases more susceptible to the non-liposome
encapsulated drug. Thus, selective targeting of MH cells
for killing might explain in part the antitumor activity we
observed in our pilot study of LC therapy for treatment of
MH in dogs. However, it should be noted that the antitumor
activity we observed could also be attributed to indirect
effects of LC therapy on the MH tumors. For example,
recent studies have demonstrated that repeated LC
administration is capable of depleting both tumor associ-
ated macrophages and myeloid suppressor cells [11, 30,
43]. We have also observed antitumor activity following
i.v. administration of LC in several different non-histio-
cytic mouse tumor models (manuscript in preparation).
Thus, the antitumor activity elicited following LC admin-
istration to dogs with MH may have been mediated by a
combination of both direct and indirect tumor effects.
The variability in MH susceptibility to LC treatment
observed in the three canine MH cells lines in our study
also suggested that tumor heterogeneity may have an
important impact on response to treatment. We have
observed similar heterogeneity in responsiveness to LC in
several different mouse macrophage cell lines, with more
differentiated macrophages appearing to have greater sus-
ceptibility to LC killing (S. Hafeman et al., unpublished
data). The liposome uptake studies suggested that
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variability in susceptibility to LC killing could be largely
attributed to variations in efficiency of liposome uptake.
Though only small numbers of dogs were evaluated, it is
noteworthy that none of the two Bernese Mountain dogs
with MH responded to treatment with LC, suggesting that
perhaps the tumor in this breed of dogs may be more
resistant to the effects of LC treatment.

The mechanism of LC-induced cell death in phagocytic
cells is also relevant to the design of more effective
clodronate analogues and to the safety of such drugs in
vivo. Our results indicated that LC killed MH cells pri-
marily by inducing apoptosis, but with unusual delayed
kinetics. For example, evidence of apoptosis and cell death
did not become evident until after 48 h of incubation with
LC (see Fig. 6), which is much longer than required for
induction of apoptosis by camptothecin (6 h). Others have
also observed delayed macrophage apoptosis and cell death
following LC treatment [37]. The reasons for this delay in
in vitro apoptosis are not immediately apparent, but are
probably related to the mechanisms of action of clodronate
[10]. Curiously, administration of LC to mice elicits sub-
stantial elimination of splenic macrophages within 18-24 h
of administration [21, 34-36]. Thus, there are important
and as yet unexplained differences between the in vitro and
in vivo behavior of LC with respect to induction of mac-
rophage apoptosis.

In summary, LC was found to be an effective agent for
inducing cell death in histiocytic tumor cells of dogs.
Preliminary pilot studies in dogs with spontaneous MH,
including animals with advanced tumor metastases, also
suggested in vivo efficacy of LC against histiocytic
malignancies. We concluded therefore that additional
studies for treatment of cancer were warranted and that
liposomal delivery of bisphosphonate drugs may represent
a promising approach to treatment of certain histiocytic
neoplasms.
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