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Abstract

The bone marrow (BM) stromal niche can protect acute lymphoblastic leukemia (ALL) cells
against the cytotoxicity of chemotherapeutic agents and is a possible source of relapse. The
SDF-1/CXCRA4 axis is a major determinant in the crosstalk between leukemic cells and BM
stroma. In the current study, we investigated the use of AMD11070, an orally available, small
molecule antagonist of CXCR4, as an ALL-sensitizing agent. This compound effectively blocked
stromal-induced migration of human ALL cells in culture and disrupted pre-established adhesion
to stroma. To examine how to optimally use this compound in vivo, several combinations with
cytotoxic drugs were tested in a stromal co-culture system. The best treatment regimen was then
tested in vivo. Mice transplanted with murine Ber/Abl ALL cells survived significantly longer
when treated with a combination of nilotinib and AMD11070. Similarly, immunocompromised
mice transplanted with human ALL cells and treated with vincristine and AMD11070 had few
circulating leukemic cells, normal spleens and reduced human CD19* cells in the bone marrow at
the termination of the experiment. These results show that combined treatment with AMD11070
may be of significant benefit in eradicating residual leukemia cells at locations where they would
otherwise be protected by stroma.
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Introduction

Acute lymphoblastic leukemia (ALL) accounts for about 80% of childhood leukemias, but
comprises only 20% of adult leukemias. Advances in therapy have led to survival rates
exceeding 80% in children, but only 30-40% of adults achieve long-term disease-free
survival.1-4 The complete eradication of residual leukemia-initiating cells and progenitors,
which present a persistent risk for disease relapse, forms one of the major challenges in ALL
therapy.>-’ Thus, the development of new drugs and approaches for the treatment of relapse
remains an important goal for improved cure rates.

The lack of efficacy of treatment can be partly attributed to the fact that leukemia cells are
protected by their microenvironment. Leukemic cells residing in bone marrow niches are
provided with favorable conditions for their growth and survival®-19 and thereby escape
from chemotherapy-induced death.11, 12 The binding of stromal-derived factor-1 (SDF-1;
also named CXCL12) with its receptor CXCR4 is one of the key interactions that take place
between human ALL cells and bone marrow stroma.® SDF-1 is constitutively produced by
many cell types, including immature osteoblasts and endothelial cells within the bone
marrow as well as by epithelial cells in many organs, including the central nervous system
and is known to stimulate the growth of normal pre-B cells.14-18

SDF-1 stimulation has multiple effects on cells. Intracellular events induced by it include
elevation of cytoplasmic Ca2* levels, activation of phosphoinositide 3-kinase (PI-3 kinase),
and phosphorylation of mitogen-activated protein kinase kinase/extracellular signal
regulated kinase (MEK/ERK) in several cell types.1® In pre-B ALL cells, p38 MAPK
signaling is required for SDF-1 induced chemotaxis, but not for proliferation of the cells.20
Spiegel et al studied the migration and in vivo homing of pre-B ALL cells to the bone
marrow of nonobese diabetic, severe combined immunodeficient (NOD/SCID) mice
transplanted with ALL cells in comparison to normal CD34+ progenitors. They found that
Toxin-B and pertussis toxin inhibited the homing of the leukemic cells, but not that of
normal CD34+ progenitors or normal CD10+/CD19+ precursor-B cells, revealing
differences in CXCR4 signaling pathways that are based on changes that were acquired by
the leukemic cells. It has also been shown that CXCR4 desensitization, by pretreatment of
human ALL cells with high levels of SDF-1 in vitro prior to their transplantation, decreases
their homing and engraftment levels in NOD/SCID mice that receive transplants.2:

Because of the importance of CXCR4-SDF-1 in ALL as well as in other hematological
malignancies, there is considerable interest in exploring the possible beneficial therapeutic
effects of blocking the activity of this receptor/ligand combination. One of the most widely
studied inhibitors is plerixafor (AMD3100). Using an in vitro system, Juarez et al.
previously demonstrated a sensitizing role toward treatment with chemotherapeutics for
AMD3100 in the pre B-ALL cell line NALM-6 and in several ALL patient samples.22
Inhibition of SDF-1-induced migration of cultured cells from adult T-cell leukemia/
lymphoma patients by AMD3100 has also been reported.23 Nervi et al reported that
treatment with chemotherapy and AMD3100 decreased the tumor burden in a mouse model
of acute promyelocytic leukemia.24 In multiple clinical studies, AMD3100 was found to
rapidly and effectively mobilize hematopoietic stem cells into the circulation and it is
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currently under development as a stem cell mobilization agent prior to high-dose
chemotherapy for multiple myeloma, non-Hodgkin lymphoma, and other hematologic
malignancies.2>-28 AMD3465, a different CXCR4 antagonist, inhibited migration of AML
cells by repressing SDF-1a/CXCR4 signaling.2

Philadelphia chromosome (Ph)-positive leukemias include chronic myelogenous leukemia
(CML) and Ph-positive ALL. The latter represents the most common cytogenetic
abnormality in adult ALL, in which a constitutively active Bcr/Abl tyrosine Kinase is
present.30 It is found in 15% to 30% of patients, and its incidence increases with age. As in
children, prognosis in Ph-positive adult ALL is poor. Both Dillmann and Vianello et al 31, 32
showed that the combination of AMD3100 treatment with the targeted tyrosine kinase
inhibitors imatinib or nilotinib in the presence of stroma increased the ability of the
therapeutic drug to cause apoptosis in the CML cells.

Limitations of AMD3100 include a relatively short (3.5 -4.9 hrs) half-life and the need to
administer it via injections.32 We therefore were interested in testing alternative CXCR4
antagonists for activity in the treatment of ALL including poor-prognosis subtypes such as
Ph-positive ALL. AMD11070 is a noncyclam, orally available CXCR4 antagonist which
was shown to inhibit replication of X4-tropic HIV in peripheral blood mononuclear cells and
in cell lines in vitro34 with a half life of 11.2-15.9 hours.3° Its possible use for stem cell
mobilization or for the treatment of malignancies has not been reported. We here present
evidence that AMD11070 is very effective in inhibiting CXCR4/SDF-1-mediated events in
ALL cells and its combination with a chemotherapeutic drug significantly increased survival
in two transplant models of ALL.

Materials and methods

Mice and cells

All animal experiments were carried out in concordance with Institutional IACUC and NIH
guidelines. We used NOD.Cg-Prkdcsid|| 2r fmIWill/Sz) mice (abbreviated here as NSG;
Jackson Labs) transplanted with human ALL cells for in vivo drug testing.36 The human
ALL cells used here and the stromal co-culture system have been described previously.37, 38

Reagents and antibodies

AMD11070 was obtained from Genzyme, MA, USA. AMD3100 was purchased from
Sigma-Aldrich (St.Louis, USA). Anti-human CD184 (CXCR4, clone 12G5) and CD19 as
well as anti-mouse AA4.1 antibodies were from BD Pharmingen (San Jose, USA). Nilotinib
(AMN107) was obtained from Novartis. Recombinant SDF-1a was from Peprotech Inc.
(New Jersey, USA). Antibodies to total and phosphorylated forms of p38, ERK and AKT
were from Cell Signaling Technology (MA, USA). The CXCR4 antibody used for Western
blotting was from Abcam (MA, USA).

Migration assays

For migration assays, human ALL cells (5x10%) were seeded into the upper well of a 5 um
pore size Transwell. The lower chamber contained either SDF-1a (200 ng/ml) in medium or
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a layer of irradiated OP9 stromal cells plated 24 hrs earlier. Wells without SDF-1a or
stromal cells in the bottom chamber served as controls. ALL cells were pre-treated with
AMD3100 or AMD11070 (10 pM) -or left untreated- for 30 minutes at 4°C and then seeded
into the upper wells. ALL cells migrated to the bottom wells were counted after 90 minutes
(SDF-1a) or after overnight incubation (OP9 stroma), using an automated cell counter.

For adhesion assays, human ALL cells were cultured on OP9 stromal cells. After 2 weeks,
culture plates were washed to remove the floating cells and AMD3100 (10 pM), AMD11070
(10 uM), U0126 (10 uM) or SB203590 (10 pM) was added to the new culture media.

In vitro combination treatments

US.7 cells were treated with either 2.5 nM vincristine, 1 UM AMD11070 or a combination
of both. Medium was changed every alternate day and replenished with fresh drug. Care was
taken not to destroy the stromal layer. Different conditions were used for the combination
treatment. We added vincristine and AMD11070 together, or treated with vincristine alone
for the first 6 days and then started with the combination of AMD211070 and vincristine, or
we first treated for 6 days with AMD11070 alone and then used a combination of both. A
similar experiment was done with TXL-2 cells, but using AMD11070 (1 uM) and nilotinib
(300 nM). US.7 was also tested with 10 uM UO126, 2.5 nM vincristine or a combination of
both, and 20 pM SB203590 alone or combined with 2.5 nM vincristine. Cell viability was
analyzed by the Trypan blue exclusion method.

Treatment in NSG model of human leukemia

US.7 cells (1.5 x 10° cells/mouse) were injected i.v. into NSG mice. 5 days after
transplantation, groups of 5 mice were treated with saline, vincristine (0.5 mg/kg),
AMD11070 (10 mg/kg) or a combination of vincristine (0.5 mg/kg) and AMD11070 (10
mg/kg). For the combination treatment group, mice were treated with vincristine alone (once
per week) for the first 2 weeks and then vincristine and AMD11070 were administered on
the same day; vincristine was injected (i.p.) 5 hours after oral administration of AMD11070,
which was mixed with peanut butter and oil. All vincristine only and control mice were also
fed an equivalent amount of peanut butter/oil. All treatment was done once a week (see table
Figure 4b). Mice were monitored for condition and weight loss. Once more than 20% of the
initial weight was lost, or signs of leukemia became evident, animals were sacrificed. Four
of five mice in the combination treatment group were alive and active, without showing any
signs of leukemia, at day 56 after transplant. Bone marrow and peripheral blood were
collected from all animals. After RBC lysis and blocking with Fc block, cells were
incubated with anti human CD19 or anti human CXCR4 antibodies. After 45 minutes
incubation, cells were analyzed using an Accuri flow cytometer (MI, USA). Peripheral
blood collected 5 hours after treatment was also examined for the expression of human
CD19 and human CXCR4 using FACS analysis. Livers were fixed in 10% formalin,
dehydrated and embedded in paraffin. 5-um tissue sections were prepared and stained with
hematoxylin and eosin.
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Mouse model for Bcr/Abl- positive leukemia in C57BI1/6J mice

C57BI/6J mice were purchased from Jackson Labs. Mice were intravenously injected with
8093 cells (1x10° cells/mouse)3®. Equal leukemia burden was assessed on day 6 after
transplant by the presence of AA4.1+ ALL cells in submandibular PB samples
(Supplementary Figure 3b), after which mice were randomized for treatment. 5 mice per
group were treated with only peanut butter/oil (control). Ten mice were treated with
nilotinib (75 mg/kg/d) for 5 days and assessed for leukemia cell load by AA4.1-expressing
cells in the PB on day 10. Mice were randomized on d12 to receive continued treatment with
nilotinib (75 mg/kg/d) for 7 more days, or with a combination of nilotinib and AMD11070
(10 mg/kg) (Supplementary Figure 3a). For the combination treatment, nilotinib was
administered 5 hours after oral administration of AMD11070.

Statistical analysis

All in vitro experiments were done in triplicate wells and student's T-test was performed to
assess statistical significance of the results. The significance of survival was analyzed using
the log rank test.

Results

AMD11070 binds to human ALL cells

It has been reported that the binding of CXCR4 antagonists such as AMD3100 to CXCR4
blocks the binding of the anti-CXCR4 monoclonal antibody 12G5 to the receptor.40 We
used this method to test the ability of AMD11070 to bind to CXCR4 on the human ALLs
US.7, US.7R and TXL-2. US.7 and US.7R are two isolates taken from the same patient
before and after that patient developed drug resistance while on therapy. TXL-2 is a Ph-
positive ALL from a patient at diagnosis. These cells expressed relatively high levels of cell
surface CXCR4 (84%, 81% and 76% respectively; not shown) as detected by the 12G5 anti-
CXCR4 antibodies. Five primary Ph-positive ALLs and one Ph-negative ALL before
passage in NSG mice also expressed high cell surface levels of CXCRA4, varying from 50 to
over 99% of the cells, and this was maintained after sequential transplant (Supplementary
Table 1). This is in agreement with Crazzolara et al*! who measured CXCR4 on leukemia
blasts from the bone marrow of children with ALL and found that 92% of samples (of the 56
examined) were positive for cell surface CXCR4 using FACS.

Figure 1a shows a comparative analysis between AMD11070 and AMD3100 for their ability
to reduce cell surface CXCR4 detection by the anti-CXCR4 12G5 monoclonal antibody on
US.7, US.7R and TXL-2. Although the degree of inhibition varied between the individual
patient samples, all three showed an increased reduction of CXCR4 cell surface detection
after treatment with AMD11070 compared to AMD3100. Concentrations as low as 1 pM
AMD11070 inhibited more than 60% of the cell surface CXCR4 detection in comparison to
non-treated control cells. Western blot analysis (Figure 1b) was performed to confirm that
there was no change in total expression of CXCR4 in these cells and that only the detection
of CXCR4 using the monoclonal antibody was affected due to the binding of AMD11070 or
AMD3100.
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To compare the kinetics of binding, we incubated US.7, US.7R and TXL-2 cells with
AMD3100 or AMD11070 for 0-20 minutes. Figure 1c shows that the binding of
AMD11070, as judged by reduced binding of the anti-CXCR4 antibody, was rapid and
measurable even after 5 minutes of incubation, whereas this could not yet be detected for
AMD3100 at this time point.

AMD11070 inhibits SDF-a induced signaling pathways in ALL cells and blocks the
migration of ALL cells towards SDF-1 and stroma

Since AMD11070 binds to ALL cells and blocks CXCR4 detection, we examined whether it
could also block SDF-1/CXCR4 intracellular signaling. Bendall et al reported that SDF-1
induces ERK, AKT and p38MAPK pathway activation in pre-B ALL cells recovered from
the spleen of xenografted mice and expanded in stroma-supported culture.2? Therefore, we
tested the effect of the presence of AMD11070 on SDF-1a-mediated stimulation of p38,
AKT and ERK. As shown in Figure 2a, p38 phosphorylation was induced in the presence of
SDF-1a, which could be blocked by pretreatment with AMD11070. SDF-1a also induced
ERK phosphorylation that was inhibitable by AMD11070. AKT phosphorylation was
visibly not affected by SDF-1a stimulation or by AMD11070 treatment in these cells.

As expected and reported previously for other ALLs20, SDF-1a was a strong
chemoattractant. As shown in Figure 2b, pretreatment of the cells with AMD11070 inhibited
the SDF-1a-induced migration of US.7, US.7R and TXL-2 cells by 79%, 77% and 61%
respectively, compared to control cells without AMD11070 treatment. AMD11070 also
inhibited the migration of US.7, US.7R and TXL-2 cells towards stroma by 62%, 57% and
51% respectively (Figure 2c¢). Migration of human ALL cells towards SDF-1a and stroma
was inhibited more strongly by AMD11070 than by AMD3100 (Figure 2b, c).

Combination treatment of AMD11070 with chemotherapeutic drugs reduces recovery from

treatment

If drugs such as AMD11070 are to be used to dislodge leukemic cells from the bone marrow
in combination with chemotherapy, they should be able to break existing interactions. To
determine the efficacy of AMD11070 for dislodging human ALL cells from stroma, we first
co-cultured the ALL cells on a stromal feeder layer for 14 days, at which point the stroma is
saturated with leukemia cells. Under these circumstances, leukemia cells form a dynamic
association with the stroma, with attachment, migration underneath and appearance of cells
in the medium. We then added AMD11070 or AMD3100 and measured the number of cells
appearing in the medium after 2, 6, and 9 hours. Because of the motile nature of these ALL
cells and their dynamic association with stroma, cells appeared in the medium also in the
control at the 6 and 9 hour time points. As shown in Figure 3a, a 6-hour incubation with
AMD11070 roughly doubled the number of cells in the medium compared to non-drug
treated cells.

Since stimulation of CXCR4 with SDF-1 activates p38 and Erk, we considered the
possibility that one or both of these pathways is responsible for the SDF-1a-mediated
adhesion of the ALL cells. To investigate this, we also examined if the p38 inhibitor
SB203590 or the Erk inhibitor U0126 was able to mobilize ALL cells. However, neither
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inhibitor caused the appearance of cells in the supernatant after 8 hours of treatment, as
compared to AMD11070 (Supplementary Figure 1a). Since both drugs did affect the
viability of the ALL cells alone or in combination with vincristine, a drug that is part of
remission induction therapy for pediatric ALL (Supplementary Figure 1b, c¢), these pathways
do appear to be important for survival of ALL cells in the presence of stroma.

We next used US.7 and TXL-2 cells for combination treatments with AMD11070. We
treated US.7 cells with 2.5 nM vincristine. TXL-2 can become resistant to 300 nM of the
tyrosine kinase inhibitor nilotinib after 2-3 weeks of treatment, when provided with stromal
support. In such cultures, the percentage of living cells typically decreases over a period of
14 days, followed by an increase in cell numbers (Supplementary Figure 2) When we added
AMD11070 and vincristine together at day t =1, emergence of vincristine-resistant US.7
cells was marginally delayed compared to vincristine-only treated cells (Figure 3b, compare
black and open triangles). Not surprisingly, treatment of the cells with AMD11070 alone for
6 days followed by addition of vincristine initially resulted in a higher percentage of viable
cells, because AMD11070 alone affected neither the proliferation rate nor the viability of
these cells. When vincristine was added as monotherapy for the first 6 days and then
AMD11070 was combined with it, cells appeared to have difficulties in recovering and the
viability, in comparison with vincristine-only treated cells, did not improve by day 21
(Figure 3b, compare open circles with open triangles). Interestingly, although the mode of
action and cellular target of nilotinib is very different from that of vincristine, we obtained
very similar results with the nilotinib and AMD11070 combination (Figure 3c, open circles):
when we first treated the cells with nilotinib alone for 6 days, followed by combined
treatment with nilotinib and AMD11070, viability did not increase at day 21 and cells did
not resume proliferation (Supplementary Figure 2 bottom panel). Overall, the three ALL
samples tested (US.7, US.7R, TXL-2) showed a qualitative similar response in all
parameters tested.

AMD11070 prolongs the survival of NSG mice transplanted with human ALL cells

The results of the experiments with co-cultured stromal cells suggested that the optimal
method of combining a therapeutic drug with AMD211070 would be to first apply the
therapeutic drug. To translate our in vitro findings into an in vivo system, we used 1.5 x 108
US.7 cells for a transplant to NSG mice, and allowed the cells to migrate to the bone marrow
and to form an enlarged leukemia burden. Five days after the transplant, groups of mice
were injected with saline or vincristine (0.5 mg/kg) on days 5, 12, 19, 26 and 33.
AMD11070 (10 mg/kg) was added to the vincristine on day 19, 26 and 33 in one group. We
also treated mice with AMD11070 alone on day 19, 26 and 33 (see Figure 4b, schematic).

Peripheral blood samples collected from AMD211070-monotreated mice 5 hours after
administration of the drug showed mobilization of leukemic cells into the circulation, in
comparison to the saline injected mice, as detected by human CD19 expression (Figure 4a).
As shown in Figure 4a (right panel), there was reduced detection of CXCR4 in the gated
leukemic cell population, compared to the saline treated mice (17% CD19+, CXC4R+ cells
{MFI ratio 3.4} versus 93% CD19+, CXCR4+ cells {MFI ratio 12.6}) confirming the
binding of AMD11070 to these cells.
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To ensure that the leukemic cells pushed into the circulation come in contact with the
chemotherapeutic drug, we injected vincristine 5 hours after the oral administration of
AMD11070. Treatment was terminated once all the mice in the control and AMD11070-
alone treated groups showed a significant reduction in their body weight due to disease. At
this dose, the vincristine mono-treatment group showed a small and not statistically
significant difference in survival compared to control and AMD alone treated groups. As
shown in Figure 4b, a significantly prolonged survival (p<0.05) was observed in those mice
that received the combination treatment. At the time of termination of the experiment, 56
days after transplant of the leukemic cells, four of five mice in the combination treatment
group looked healthy and had no reduction in body weight (Figure 4c).

Combination treatment using AMD11070 and vincristine reduces leukemic cell numbers at
extramedullary sites

Terminal bone marrow and peripheral blood samples of all mice were analyzed for the
presence of leukemic cells. As shown in Figure 5a, 45-70% of the total cells in peripheral
blood of the control, vincristine and AMD11070 treatment groups were CD19-positive, with
a clearly reduced amount of circulating leukemia cells in the combination treatment group.
Also 51-91% of the cells in total bone marrow were positive for human CD19 by FACS,
indicating a very high degree of infiltration and proliferation of the ALL cells in the control,
vincristine and AMD11070 treatment groups, with a much lower percentage in the
combination treatment group (Figure 5b). Moreover, the spleens of the combination
treatment group were markedly smaller as compared to the other treatment groups (Figure
5c¢). Also, no obvious infiltration of leukemic cells in livers of the combination treatment
group was visible, compared to marked infiltration in the vincristine treatment group (Figure
5d).

AMD11070 prolongs the survival of C57bl mice transplanted with mouse Bcr/Abl-positive

ALL cells

We also tested the sensitizing effect of AMD11070 in a non-immunocompromised mouse
model for the subtype of ALL caused by Bcr/Abl. Seven days after transplant of mouse
Ber/Abl lymphoblastic leukemia 8093 cells®? (1 x 10°) into syngeneic C57B1/6J mice,
treatment was started. At day 6, randomly selected mice had a comparably high leukemia
burden in the peripheral blood (Supplementary Figure 3b). 5 animals were treated with
vehicle only (peanut butter/oil). A second group of 10 animals was treated for 5 days with
nilotinib to reduce the tumor burden. Treatment of these animals was equally effective as
determined by the AA4.1+ ALL cell burden in PB (Supplementary Figure 3b, d10). 5 mice
then received continued treatment with nilotinib for 7 additional days, whereas the other
group of 5 was treated with nilotinib and AMD11070 for 7 more days (Supplementary
Figure 3a). Treatment was terminated on day 18. As shown in Figure 6a, the group that
received the combination treatment showed a significantly prolonged survival (p<0.02)
compared with the group treated with nilotinib alone. Peripheral blood and bone marrow
analysis showed a clear reduction of tumor load in the combination treatment group,
compared with control or nilotinib alone treated group (Figure 6b, c).
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Discussion

The current study was undertaken to explore the concept of mobilizing leukemic cells out
from a protective niche to a location where they are more sensitive to therapeutic drug
treatment. To this end, we sought a compound with strong mobilizing activity. We first
compared the effectiveness of the widely studied AMD3100 with that of AMD11070, a
noncyclam CXCR4 antagonist that is chemically unrelated to AMD3100, using an in vitro
co-culture system of human ALL cells with stroma.

In the in vitro assays used, including blocking of the detection of CXCR4 and the
chemotaxis of two different ALL cells towards SDF-1a and stroma, equivalent
concentrations of AMD11070 produced a stronger response than AMD3100. Wong et al*2
who performed a detailed analysis on AMD3100 and AMD11070, concluded that these two
compounds make contact with overlapping but not identical residues in the binding pocket
of the receptor. For example, AMDZ11070 but not AMD3100 contacts residue D97 of
CXCR4 and is unable to bind to a D97N mutant. Therefore, such compounds may have
different receptor affinities, binding constants and/or effects on blocking the multiple
downstream effects of CXCR4 receptor engagement, which could explain the different
potencies, measured here.

Phase | dose escalation studies in humans performed with AMD11070 by Stone et al 3°
showed a Cpjn ranging from 17-210 ng/ml and a Cpax 0f 320-2430 ng/ml in PB, with a
daily oral dose ranging from 50 to 400 mg. In the range of concentrations tested by us in the
co-culture system, 1 puM (corresponding to 349 ng/ml) still produced a significant effect and
is thus within the range that is clinically relevant in humans. We found that this dose was
sufficient to inhibit SDF-1a-induced activation of the p38/Erk kinase pathways and
migration towards SDF-1a and stroma. A dose of 10 uM also mobilized ALL cells from
under a pre-established stromal feeder layer, indicating it was able to displace or replace
SDF-1a that was produced by the stroma and move cells away from the protection provided
by it.

The use of mobilizing agents in leukemia has the potential to exacerbate the pathology, by
spreading the malignant cells to anatomical locations where they previously were not
present. A clinical trial using G-CSF in combination with imatinib did not show any added
benefit in CML.43 Therefore, we reasoned that it is critically important to ensure that
mobilization and leukemia cell killing are well-coordinated. We modeled such treatment in
vitro and confirmed that AMD11070 alone has no significant toxic effect on two different
types of ALL, one Ph-chromosome-positive, the other Ph-chromosome negative. This
suggests that SDF-1a does not provide survival signals to ALL cells, although it did activate
the p38 and Erk pathways, and inhibition of these pathways caused cell death. However, the
ERK and p38 inhibitors failed to act as mobilization agents for leukemic cells, while
AMD11070 was successful in breaking the already existing interaction between stromal
cells and leukemic cells. This indicates, that the mechanisms by which those inhibitors kill
cells differs from that used by AMD11070 in an adjuvant setting.
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To date, no in vivo studies have reported the use of CXCR4 antagonists in ALL therapy. We
therefore next tested the combination therapy for ALL, using a mouse model of human
leukemia. We adopted the timing and pattern from the in vitro experiment for administering
the drugs in vivo. Stone et al3® reported leukocytosis ranging from 1.3 to 2.9-fold, with a
peak 2-4 hours after dosing of AMD11070 in humans, dependent on whether the subjects
had eaten or not. Taking this consideration, vincristine was injected 5 hours after the oral
administration of AMD11070 to animals, which were allowed to feed ad libitum. The results
of this treatment, as compared to vincristine alone, were quite remarkable. Although one
animal developed overt leukemia, the remaining had a significantly reduced leukemia
burden, with normal-sized spleens, very low peripheral blood leukemic cell numbers and
relatively small amounts of residual leukemic cells in the bone marrow. Taking into
consideration that this result was obtained by adding three injections of 10 mg/kg
AMD11070 to a standard chemotherapy drug, this appears to be a remarkably effective
method of boosting the cytotoxicity of vincristine. In addition, we were able to prolong the
survival of immunocompetent mice that had a high tumor burden of Bcr/Abl-expressing
ALL cells, by combining AMD11070 with the targeted small molecule inhibitor nilotinib.

A phase | study using AMD110703 did not raise any safety concerns, but long-term animal
studies revealed histological changes in the liver.34 In the treatment protocol used here, there
are unlikely to be major adverse side-effects because of the short duration (once per week)
and dose of drug used. Although human and rodents cannot be directly compared, a dose of
10 mg/kg used here would translate into 600 mg for a moderately heavy patient. The
maximum dose tested by Stone et al3° was 7 doses of 400 mg administered every 12 hours
and thus exceeds by far the amount used here.

CXCR4 is expressed by many other malignant cell types including acute myeloid leukemia,
multiple myeloma, B-cell lymphomas, breast cancer, lung cancer, neuroblastoma, colorectal
cancer, prostate cancer, melanoma, renal cell cancer and ovarian cancer.*4-50 Based on our
results, it would appear to be interesting to examine the effect of AMD11070 in combination
with cytotoxic therapies for reducing metastatic load of other cancers in organs such as bone
marrow and spleen.
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Figure 1.

AMD11070 binds to CXCR4 expressed on human ALL cells. (a) Dose-response of US.7,
US.7R and TXL-2 to a 30-minute incubation on ice with AMD11070 or AMD3100
(*p<0.05, AMD11070 compared with AMD3100). (b) Western blot analysis of total cellular
CXCR4 after 30 minutes exposure to different concentrations of AMD11070 or AMD3100.
(c) Time course in minutes of US.7, US.7R and TXL-2 ALL cells treated with 1 uM
AMD11070 or AMD3100. Cell surface CXCR4 expression in (a) and (c) was measured
using FACS and the 12G5 monoclonal antibody. The percentage of cells positive for
CXCR4 in untreated samples (US.7 84%; US.7R 81%; TXL-2 76%) is set at 100%.
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Figure 2.
Effect of AMD11070 on SDF-1a-induced and stromal-induced migration of ALL cells. (a)

Western blot analysis for phosphorylation of p38, ERK and AKT in US.7 cells. Samples
include those subjected to no treatment (=), pre-incubation with AMD11070 (1 uM, 30 min)
followed by 100 ng/ml SDF-1a stimulation (SDF+AMD) or only SDF-1a stimulation
(+SDF). B-2 microglobulin serves as loading control. (b, ¢) migration towards SDF-1a (200
ng/ml, b) or stroma (c). Untreated or AMD11070/AMD3100-pretreated human ALL cells
were seeded in the upper wells of Transwells. Controls, no SDF-1a (b) or stroma (c) in the
bottom wells. Bars, cell counts in the supernatant of triplicate wells (*p<0.05, AMD11070
compared with AMD3100).
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Figure 3.
Ex vivo modeling of combination treatment using AMD11070 with anti-leukemia drugs. (a)

ALL cells grown on OP9 feeder layers were incubated with 10 yM AMD11070 or
AMD3100 for 2, 6 and 9 hours. The numbers of non-adherent cells in the medium are
indicated (*p<0.05, AMD11070 compared with AMD3100). (b) US.7 cells growing on OP9
stroma were treated with 2.5 nM vincristine and 1 pM AMD11070 in three different ways.
AMD-+Vin: vincristine and AMD11070 added together to the medium; AMD, Vin:
AMD11070 alone added for the first 5 days and then (arrow) vincristine plus AMD11070;
Vin, AMD: vincristine alone added for the first 5 days and then (arrow) vincristine plus
AMD11070 added together. The percentage viability is the viable cell count (Trypan-blue
excluding cells) as percentage of the total cell number. *p<0.05, for vincristine followed by
AMD11070 + vincristine treatment, compared to vincristine alone. (c) TXL-2 cells treated
with AMD11070 (1 pM) and nilotinib (300 nM) in a similar way as described for (b).
*p<0.05, for nilotinib followed by nilotinib + vincristine, compared to nilotinib alone.
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In vivo combination treatment of human ALL with vincristine and AMD11070. NSG mice

were intravenously injected with US.7 cells (1.5 x 106 cells/mouse). Five days later,

treatment was started with i.p. injection of either saline or vincristine (0.5 mg/kg) once a
week. Three treatment cycles were done as indicated in the table in (b). The time point at
which the last treatment was done is indicated with an arrow. For the combination treatment,
vincristine was injected 5 hours after oral administration of AMD11070. (a) Leukemia cells
in the peripheral blood of a saline treated mouse (control, left panel) are compared to that of
an AMD11070 treated mouse (mid panel), as detected by FACS analysis for CD19. CXCR4
detection on the gated CD19* cells from a saline-treated (grey) and an AMD11070 treated
(black) mice 5 hours after AMD11070 administration. (b) Survival of mice treated with PBS

(circles), vincristine (0.5 mg/kg) (triangles up), AMD11070 (10 mg/kg) (squares) or

vincristine plus AMD11070 (triangles down). AMD11070 + vincristine versus vincristine,
*p<0.05. (c) Percent weight change of the mice during treatment. The percentage weight
loss or gain with respect to the initial starting weight is indicated.
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Reduced presence of leukemic cells at extramedullary sites in combination-treated mice.
Analysis of treated mice at the time of sacrifice. The percentage of CD19 positive cells in
the live gated population of (a) total peripheral blood or (b) total bone marrow of individual
mice. (c, left), spleens of the mice from the vincristine-alone treated group and from the
combination treatment group. (c, right) weight of spleens. (d) H&E stained sections of livers
of representative mouse from the vincristine-alone group and from the combination
treatment group (20x). *p<0.0001
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Figure®6.

In vivo combination treatment of mouse Bcr/Abl-positive ALL with nilotinib and
AMD11070. C57BI/6J mice (n = 5 per group) were intravenously injected with 8093 cells
(1x10° cells/mouse). (a) Survival of mice treated with vehicle (control, circles), nilotinib for
12 days (squares), or nilotinib for 5 days followed by combination of nilotinib and
AMD11070 for 7 additional days (triangles). AMD11070 + nilotinib versus nilotinib,
*p<0.02. The time point at which the last treatment was given is indicated with an arrow. (b,
c) percentage of AA4.1-positive cells in the live-gated population of (b) peripheral blood or
(c) bone marrow of individual mice. *p< 0.004 for (b) and *p< 0.018 for (c).
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