Dose and schedule-dependent efficacy of liposomal Annamycin in pre-clinical models of acute myeloid leukemia
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Figure 1. Structures of Doxorubicin and Annamycin

Objective
The objective of the study was to assess the activity of Ann and its liposomal formulation (L-Ann) in
clinically relevant models of AML.
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Figure 3. Multiple dose toxicity of L-Ann in B6 mice.
Four dosing levels of L-Ann (n=3) were given once weekly IV to female B6-albino mice. (A)
Animal weight was monitored for the duration of the study. (B) Total blood counts were
performed on day 8.

Efficacy of L-Ann in human model of AML. The in vivo efficacy of L-Ann was tested in a human model
of AML in NSG mice. Figure 4 shows the results of bioluminescent imaging twenty days after tumor
inoculation. L-Ann treated mice showed significant delays of tumor growth after one or two doses of L-Ann.
Despite the remarkable response, hypersensitivity of NSG mice to anthracyclines does not allow for more
extensive studies of L-Ann scheduling modifications in this model.
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Figure 2. Uptake, subcellular distribution and efficacy of
Annamycin in AML cell lines
(A) Uptake of Annamycin by MOLM-13, THP1 and MV4:11 cells measured by FACS; (B) Subcellular
distribution of Annamycin in MOLM-13 cells; (C) Double Strand Break (DSB) formation and apoptosis
induction detected by H2AX (Ser139) phosphorylation or cleaved caspase 3; (D). 72 h toxicity of Ann in
a panel of human AML cells.

Western Blot analysis showed clear formation of DNA double strand breaks (DSB) in OCI-AML3 cells
exposed to Ann for 4 h and the extent of DSB was significantly higher than that observed for DOX. DSB
induction triggered apoptosis manifested by caspase 3 and PARP cleavage (Fig. 2C). Proliferation assay
studies of Ann determined that IC50 values were in the range from 1 nM to 100 nM (Fig. 2D).
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Figure 6. Efficacy of L-Ann in the AML-Turq2 model.
(A) B6 albino mice received IV injection of 105 cells on day 1. Treatment initiated on day 4
consisted of two doses of L-Ann at different levels, which resulted in dose-dependent blasts
reduction in peripheral blood and increased survival (B), (C) treatment initiated on day 10
included four weekly doses of L-Ann at 4 mg/kg. L-Ann injections are marked by arrows. P
values were calculated using log rank Mantel-Cox test.

Assessment of L-Ann anti-AML efficacy in specific organs. To investigate the tissue organ
distribution of AML cells before and after L-Ann treatment, the mice were dosed with the drug ten days
after inoculation of tumor cells. The imaging performed three days after dosing (Fig. 7) revealed a
significant reduction of AML cells in bone marrow and spleen after single dose. Remarkably, L-Ann
treatment eradicated AML cells in lungs, liver and lymph nodes of the treated mice (Fig. 7).

Summary
Female NSG mice were injected IV with 0.5 mln OCI-AML3-Luc GFP cells. On day 8, mice were randomized into two groups receiving vehicle (n=10) and L-Ann
at 4 mg/kg (n=18). On day 15, mice receiving L-Ann were divided into two sub-groups and the second group received a second dose of L-Ann. (A) BLI imaging of
mice on day 20. (B) Distribution of BLI signaling in vehicle and groups receiving single or two doses od L-Ann. Two-tailed Mann-Whitney test was used to compute
the p value.
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Female B6 albino mice were injected with 1 x 105 AML1-MLL/ENL-FLT3/ITD-mTurquiose cells on day 1. L-Ann was injected at 4 mg/kg on day 9.
The first mouse was sacrificed on day 12. Animals were perfused with 30 ml of PBS, followed by dissection of bone (for bone marrow analysis),
spleen, lungs, liver and inguinal lymph node. Organs were imaged using Leica SP8 confocal system. Green – AML cells, blue – SHG (collagen),

Figure 4. Efficacy of L-Ann in an OCI-AML3 model.

B

V e h ic le

100

100

50

S u r v iv a l a n a ly s is

Figure 7. Microscopy assessment of L-Ann anti-AML efficacy in organ tissues.

Results
A
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• In vitro uptake of Ann in AML cell lines was assed using flow cytometry
• Subcellular distribution of Ann was determined by fluorescent microscopy using a Leica SP8 confocal
system
• In vitro properties of Ann were assessed in human AML cell lines and included: a) histone HA2X
phosphorylation at S139; b) induction of apoptosis by analysis of caspase 3 and PARP cleavage; and c)
72 h proliferation assays
• Single and multiple dose toxicity of L-Ann was assessed in healthy CD-1 or B6 mice
• In vivo evaluation of L-Ann was performed in: a) OCI-AML cells expressing firefly luciferase in NOD
SCID gamma (NSG) mice [1] b) an AML mouse model bearing the MLL/ENL-FLT3/ITD[p53-/-]
mutations co-expressing high levels of the cyan fluorescent protein-mTurquoise2

Ann is a lipophilic anthracycline antibiotic
with properties superior to that of DOX. This
novel liposomal formulation of Ann (L-Ann)
was developed with entrapment efficiency
exceeding 80%. L-Ann displayed remarkable
stability showing no degradation over 6
months [2]. Annamycin is a fluorescent
compound with excitation and emission
spectra at 490 and 576 nm, respectively. The
uptake studies performed for MOLM-13,
THP1 and MV4;11 cells show dose
dependent accumulation of Ann in AML cells
(Fig. 2A). Based on fluorescence intensity,
the uptake of Ann was significantly higher
than that of DOX in all tested cell lines.
Fluorescence
microscopy
revealed
a
significantly
different
subcellular
distribution of Ann when compared to DOX.
In addition to nuclear localization, Ann
accumulates to a high degree in the cytosol
(Fig.
2B),
while
DOX
localizes
predominantly in the nucleus.
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Annamycin (Ann) is an anthracycline antibiotic
that is not cross-resistant with doxorubicin
(DOX), and formulated in liposomes.
Liposomal annamycin (L-Ann) is currently in
clinical studies in acute myeloid leukemia
(AML) patients. In contrast to DOX, high
levels of annamycin were observed to
accumulate in multidrug resistant (MDR) cell
lines, and consequently led to a significant
degree of DNA damage and apoptosis. In vivo
activity of L-Ann using alternative schedules
was confirmed in aggressive AML mice
models. In addition to high anticancer activity,
in sharp contrast to DOX, free annamycin as
well as L-Ann displayed dramatically reduced
or no cardiotoxicity in preclinical toxicology
studies.
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Efficacy of L-Ann in a murine AML
model with delayed initiation treatment.
In this study, mice injected with AML-Turq2
cells received five different doses of L-Ann
on day 4 and 11. Analysis of peripheral
blood showed dose-dependent delay in AML
progression (Fig. 6A) and significant
extension of survival for doses of 1 mg/kg of
L-Ann and above (Fig. 6B). To further
investigate the efficacy of L-Ann in a more
aggressive design the treatment was delayed
until the blast levels in circulation reached
1-2% (day 10 after tumor cell injection – 4
days before control group started to die). LAnn at 4 mg/kg was given once weekly for 4
weeks. Survival analysis shows a dramatic
extension of life with a median survival of
37 days (p = 0.0002) (Fig. 6C)
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Introduction

Toxicity. Our previously published results of 14days single dose toxicity of L-Ann in CD1 mice
have shown an LD50 of 15.74 mg/kg [3]. In
chronic exposure studies, L-Ann was remarkably
less cardiotoxic than DOX. Cumulative toxicity
with weekly administration of a given fraction of
the subacute LD10 was markedly higher for
DOX than for L-Ann as assessed by body weight
and mortality studies. Multidose toxicity studies
performed in B6 albino mice show no deaths or
body weight reduction in mice receiving L-Ann
at 6 mg/kg (7 doses) and 4 mg/kg (12 doses).
Animals receiving L-Ann at 8 mg/kg showed
significant weight loss and died after the third
injected dose (Fig. 3A). Dose – dependent
reduction of the white blood cell count was
observed one week after injection of the first
dose (Fig. 3B).
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Efficacy of L-Ann in murine AML model.
We assessed the efficacy of L-Ann in a novel
AML model that allows visualizing the
dynamics of individual AML cells in vivo by
two-photon microscopy. In this model, mouse
AML
cells
bearing
the
MLL/ENLFLT3/ITD[p53-/-] mutations co-express high
levels of the cyan fluorescent protein
mTurquoise2. Upon intravenous infusion of 1 x
105 AML-Turq2 cells into syngeneic
immunocompetent C57BL6 mice, lethal AML
disease reliably develops within 2 weeks.
Figure 5 is an example of peripheral blood
analysis of (A) vehicle and (B) L-Ann-treated
mice on day 11 after tumor cells injection and
(C) corresponding survival curves. The median
survival of L-Ann-treated mice was 31 days and
was more than twice as long as for mice
receiving vehicle (p = 0.0006). Two long-term
survivors were identified in a group treated with
L-Ann at 4 mg/kg.
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• Annamycin is a potent anti-leukemic agent with IC50 ranging from 1 to 100 nM in AML cell lines
tested
• L-Ann shows dose and time-dependent accumulation in cells with increased cytosolic localization
• L-Ann is well tolerated in vivo – multiple weekly doses in mice at 4 and 6 mg/kg doesn't result in
weight loss or mortality
• L-Ann reduces blasts in an OCI-AML3 model after a single dose of 4 mg/kg
• L-Ann displays a dose-dependent inhibition of blasts detected in the peripheral blood and significantly
improves survival in an extremely aggressive murine AML-Turq2 model
• L-Ann treatment eradicates AML cells in lungs, liver and lymph nodes of treated mice and causes a
significant reduction of the blasts in bone marrow and spleen
• Multiple weekly administration of L-Ann (4 mg/kg) in mice models appears to be a novel, promising
and safe treatment schedule
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Figure 5. Efficacy of L-Ann in a murine AML3 model.
Female B6 albino mice were injected with 1 x 105 AML-Turq2 cells on day 1. L-Anna was
administered at 4 and 6 mg/kg on days 1 and 8. (A) a representative plot of peripheral blood
analysis of mice receiving vehicle or L-Ann at 4 mg/kg (B) on day 11. (C) Survival analysis of
vehicle vs L-Ann treated mice. P value calculated using log rank Mantel-Cox test.
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