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Abstract

Currently available combination chemotherapy for acute myeloid leukemia (AML) often fails to
result in long-term remissions, emphasizing the need for novel therapeutic strategies. We reasoned
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that targeted inhibition of a prominent nuclear exporter, XPO1/CRM1, could eradicate self-
renewing leukemia-initiating cells (LICs) whose survival depends on timely XPO1-mediated
transport of specific protein and RNA cargoes. Using an immunosuppressed mouse model bearing
primary patient-derived AML cells, we demonstrate that selinexor (KPT-330), an oral antagonist
of XPOL1 that is currently in clinical trials, has strong activity against primary AML cells while
sparing normal stem and progenitor cells. Importantly, limiting dilution transplantation assays
showed that this cytotoxic activity is not limited to the rapidly proliferating bulk population of
leukemic cells but extends to the LICs, whose inherent drug resistance and unrestricted self-
renewal capacity has been implicated in the difficulty of curing AML patients with conventional
chemotherapy alone.

INTRODUCTION

Acute myeloid leukemia (AML) is a heterogeneous hematological malignancy characterized
by uncontrolled proliferation of immature myeloid cells.}2 Currently available combination
chemotherapy often leads to complete remission, but a subset of patients develop recurrent
disease, depending upon the presence or absence of defined prognostic risk factors. Similar
to the organization of the normal hematopoietic system, where self-renewing, multipotent
stem cells provide the capacity for the generation of all blood cell lineages, AML is
organized as a cellular network with leukemia-initiating cells (LICs) at the apex of the
hierarchy.3-5 LICs have the functional capability to self-renew and replenish AML blasts.3
The disease relapse that is observed in patients with AML who are treated with currently
available chemotherapy is thought to occur because of the inability of the existing drugs to
target the self-renewing LICs in AML.8 Thus novel therapies that eliminate the LICs in
addition to the bulk leukemia cells are needed to prevent leukemic relapse in AML patients.

An attractive new target for AML therapy is the nuclear export protein CRM1, also called
exportin 1 (XPO1). Leukemic cells require the continuous nuclear export of one or more
onco-requisite proteins or RNAs and the removal of tumor-suppressor proteins that require
nuclear localization for their functions.”~10 XPO1, a member of the karyopherin g family, is
a major eukaryotic nuclear-cytoplasmic transporter that mediates the transport of certain
proteins and selected RNA molecules from the nucleus to the cytoplasm.”211 XPO1
regulates nuclear export of proteins that contain leucine-rich nuclear export signals,
including protein adaptors that transport RNA molecules.1213 Nuclear export by XPO1 is
regulated by Ran-GTP binding in the nucleus, with XPOL1 cargo being released in the
cytoplasm following Ran-GTP hydrolysis by Ran-GAP.14-18 XPO1 cargoes comprise ~ 220
eukaryotic proteins, including the tumor-suppressor proteins p53, p21, Rb and FOXO3A,
cell cycle regulators and apoptotic proteins.10.19.20 Expression of XPO1 is upregulated in
both solid tumors and leukemias,?1:22 and higher XPO1 levels correlate with a poor
prognosis, suggesting the dependency of cancer cells on active XPO1-mediated nuclear
export. Indeed, nuclear-cytoplasmic transport by XPO1 is required for the survival of several
types of solid tumors and hematological malignancies.?1~27 Interestingly, XPO1 blockade
appears to be tolerated by non-neoplastic cells, including normal hematopoietic progenitor
cells and proliferating cells of the gastrointestinal tract.28
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Small-molecule inhibitors of XPO1, termed selective inhibitors of nuclear export (SINES),
were recently designed by exploiting an in silico molecular modeling strategy.2® The SINEs
covalently bind to Cys®28 in the nuclear export signal-binding groove of XPO1 to inhibit its
nuclear export function.39 The orally bioavailable SINE compound selinexor (KPT-330)
entered phase | clinical trials for solid tumors and hematological malignancies in July 2012
(NCT01607905 and NCT01607892), with AML patients first enrolled in the hematological
malignancy study in July 2013. In 2014, selinexor entered phase | trial in children with
relapsed or refractory AML or ALL (NCT02091245) and phase | and phase Il trials to
evaluate its activity in combination with chemotherapeutic drugs in patients with relapsed or
refractory AML (NCT02249091, NCT02212561, NCT02088541, NCT02093403,
NCT02299518). The preliminary results of the ongoing phase | study demonstrated clear
activity of oral selinexor in inducing responses at tolerated doses, including complete
remissions in a subset of relapsed/refractory AML patients.3! Previous studies by our group
and others have shown that inhibition of XPO1 by SINEs induces apoptosis in AML cell
lines with diverse genetic abnormalities and promotes apoptosis of AML cells in all cell
cycle phases, including G0/G1.21.28:30.32 This finding supports the hypothesis that SINE-
induced leukemia cell death does not depend on active proliferation. Moreover, xenograft
studies have demonstrated that selinexor produces striking antileukemic activity against
MV4-11 AML cells transplanted into immunodeficient mice, with minimal toxicity to
normal hematopoietic cells.3%-32 The antileukemic activity of selinexor, together with its lack
of toxicity to normal hematopoietic cells, has also been shown in preclinical mouse models
of several hematological malignancies, including T-cell acute lymphoblastic leukemia,
chronic myeloid leukemia and multiple myeloma.22:26:33.34

The ability of the XPO1 inhibitor selinexor to induce apoptosis within the GO/G1 phase
compartment of established AML cell lines suggested to us that it might also be active
against slowly proliferating LIC populations in primary AML. To pursue this intriguing
hypothesis, we tested selinexor in patient-derived xenografts, or PDX models, which have
proven to be the most sensitive predictors of clinical responses in patients.3® Indeed, low-
passage explants of AML cells that have not been cultured in tissue culture retain the
hierarchical developmental structure of primary AML cell populations, including the
retention of a small fraction of cells with the self-renewal properties of LIC. Here we
demonstrate that selinexor is highly active against patient primary AML cells, including
LIC, engrafted into immunodeficient mice and has little cytotoxicity against normal stem
and progenitor cells. The xenografts used in our experiments were established from AML
blasts of patients with a poor prognosis, including those with normal cytogenetics, FLT3-
ITD+ AML and AML with complex karyotypes. Our findings indicate that inhibition of
nuclear export by selinexor represents a novel approach to the eradication of LICs in patients
with AML, thus directly addressing one of the major barriers to cure of this disease by
combination chemotherapy.
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MATERIALS AND METHODS

Patient samples

Primary AML cells, collected from bone marrow aspirates of three patients according to
protocols approved by Dana-Farber Cancer Institute, represented two high-risk AML
subtypes: cytogenetically normal with FLT3-1TD and complex karyotype disease (see Table
1). FLT3 status was determined by Sanger sequencing of genomic DNA.

Patient-derived xenografts

All in vivo animal studies were performed according to a Dana-Farber Cancer Institute-
approved protocol (DFCI no. 04-111). Bone marrow leukemic blasts from three AML
patients were intravenously injected into NOD-SCID-IL2Rcy™!! (NSG) mice (The Jackson
Laboratory, Bar Harbor, ME, USA) for expansion. The NSG mice were monitored for
leukemia development by flow cytometric analysis of peripheral blood for human CD45-
positive (hCD45+) cells. To establish mouse models of patient primary AML, we injected
the cryopreserved leukemic blasts into NSG mice via tail-vein injection and monitored the
animals for leukemia progression, using flow cytometric analysis of peripheral blood for
hCD45+ cells. hCD45+ cell counts in the bone marrow from the femurs and tibias or spine
of euthanized animals were used to determine the extent of leukemia infiltration. The bone
marrow cells were extracted from femurs, tibia or spine by crushing the bone in medium
supplemented with 10% fetal bovine serum. To determine the efficacy of selinexor
(KPT-330), mice were given orally either vehicle control (Pluronic F-68/PVVP-K29/32) or
selinexor (20 mg/kg) by oral gavage three times a week for 4 weeks. The drug response was
determined by flow cytometric analysis for hCD45+ cells among the bone marrow
leukocytes isolated from the femurs and tibias of mice in the vehicle- and selinexor-treated
groups. Femurs, spines and spleen were fixed, sectioned and stained with hematoxylin and
eosin as described before.30 For additional information, see Supplementary Materials and
Methods.

Secondary transplantation assays

Bone marrow cells were isolated from the femurs and tibias of NSG mice transplanted with
human primary AML cells that had been treated with either vehicle or selinexor at 20 mg/kg
for 4 weeks. Serial dilutions of bone marrow leukocytes at doses from 106 to 102 hCD45+
cells were intravenously injected into untreated secondary recipients. After 19-22 weeks,
mouse cohorts transplanted with serial dilutions of hCD45+ cells were screened for human
engraftment. Infiltration of hCD45+ cells into the bone marrow of mouse femurs and tibias
was used as an indicator of positive engraftment. For additional information, see
Supplementary Materials and Methods.

Engraftment of normal human CD34+ cells into NSG mice

Human CD34+ cells were isolated from cord blood of consenting healthy donors according
to procedures approved by the protocols of DFCI. hCD34+ cells (10°) isolated from 10
donors were intravenously injected into sublethally (200 cGy) irradiated NSG mice, and
peripheral blood was monitored for hCD45+ cells by flow cytometric analysis. Established
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human grafts were treated with vehicle or selinexor at 20 mg/kg three times a week for 4
weeks.

Dynamic BH3 profiling of AML cells

Bone marrow cells from AML xenografts were exposed ex vivoto 100 nM KPT-330 for 16
h. We then performed Dynamic BH3 profiling using several Bim peptide concentrations
(0.03,0.1, 0.3 and 1 pm) to determine the drug-induced increase in mitochondrial priming (A
% priming) as described in our previous work.28:36.37

Statistical analysis

Percent engraftment and total hCD45+ cells in the bone marrow are reported as means +
s.e.m. Differences between treatment groups were analyzed with an unpaired Student’s &
test. LIC frequency was estimated from results of the serial transplantation assay using the
Extreme Limiting Dilution software from the Walter and Eliza Hall Bioinformatics Institute
of Medical Research (http://bioinf.wehi.edu.au/software/elda/).38

RESULTS

Selinexor is cytotoxic to primary AML cells engrafted into mice

To determine the antileukemic activity of selinexor in a clinically relevant setting, we
established patient-derived xenografts, or PDX models, in which leukemic blast cells from
the bone marrow of AML patients were transplanted intravenously into immunodeficient
NSG mice. AML is very heterogeneous and includes high-risk subsets, including those with
complex aberrant karyotypes and FLT3-activating mutations.:2 The patients selected for this
study were in high-risk subgroups: one had cytogenetically normal AML (AML-CN) in
which the blast cells harbored an internal tandem duplication of FLT3 (FLT3-1TD), and two
had complex karyotype AML (AML-CK1 and AML-CK2, the latter defined by a high-risk
t(8;16) translocation;3° Table 1). Primary cells were injected intravenously into NSG mice,
and when the mice were leukemic with primary human AML cells, as indicated by flow
cytometric analysis of peripheral blood for human-specific CD45-positive (nCD45+) cells,
the “first passage’ or ‘PO’ bone marrow AML cells were harvested and cryopreserved for
these experiments.

Patient-derived xenograft AML-CK1—Twenty NSG mice each injected intravenously
with 7.2 x 10% leukemic blasts from AML-CK1 were found to carry hCD45+ cells in their
peripheral blood 3 months after tail-vein injection. Analysis of femurs extracted from four
engrafted animals revealed that hCD45+ cells made up 83.2% + 2.3% of total bone marrow
leukocytes with 4.66 x 108 + 2.4 x 10% hCD45+ cells per femur and tibia, documenting the
human leukemia burden in these animals (Figures 2a and b; Supplementary Figure S1A). To
determine the antileukemic activity of selinexor in xenograft AML-CK1, we divided the
remaining mice into two groups and treated with either selinexor 20 mg/kg or vehicle
control by oral gavage three times per week for 4 weeks (Figure 1). While on treatment,
mice received high-calorie cherry or bacon supplemental diet to prevent weight loss, which
is the dose-limiting toxicity of selinexor therapy in mice. In control mice, the bone marrow
infiltration of hCD45+ cells increased to 91.0% + 0.84% of bone marrow leukocytes with
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total hCD45+ cell counts rising to 10.4 x 10° + 0.97 x 10° per femur and tibia (Figures 2a
and b; Supplementary Figure S1B). By contrast, there was a remarkable decrease in human
AML cell numbers in selinexor-treated mice, with hCD45+ cells accounting for only 15.6%
+ 4.0% of bone marrow leukocytes and 0.54 x 10° + 0.16 x 10% hCD45 cells per femur and
tibia (~20-fold reduction in AML cell numbers; Figures 2a and b; Supplementary Figure
S1C). The weight of spleens isolated from mice treated with vehicle decreased by
approximately four-fold as compared with controls (Figure 2c). These results indicate that
selinexor effectively kills the bulk human AML blast cells in the PDX model of AML-CK1.

To define the toxicity of selinexor against normal hematopoietic cells, we examined
histopathology on the bone marrow and spleens collected from mice bearing AML-CK1
before and after treatment with vehicle or selinexor. The hematoxylin and eosin-stained
sections of AML-CK1 samples showed that leukemic cells had infiltrated the marrow and
spleens of untreated and vehicle-treated mice; however, normal hematopoietic cell
development in these organs was evident in the selinexor-treated mice (Figures 2d-f).

Patient-derived xenograft AML-CK2—AML-CK2 cells caused leukemia in mice by 4
months after intravenous injection of 2.1 x 10° cells per animal. Infiltrating hCD45+ cells
accounted for 77.7% + 12% bone marrow leukocytes with 18.6 x 106 + 5.4 x 108 hCD45+
cells per femur and tibia (Figures 3a and b; Supplementary Figure S2A). In mice with
vehicle-treated AML-CK2 xenografts, the percentage of bone marrow infiltration by
hCD45+ cells increased to 94.4% = 0.81% leukocytes, with a total hCD45 count per femur
and tibia increasing to 22.6 x 106 + 2.9 x 106 cells. The AML-CK2 xenografts treated with
selinexor showed hCD45+ infiltration of 90.3% + 4.6% bone marrow leukocytes, with a
slight decrease in total hCD45+ counts per femur and tibia to 11.8 x 106 + 2.9 x 108 cells
(Figures 3a and b; Supplementary Figure S2C). Thus, compared with the striking
antileukemic activity in AML-CK1 xenografts, selinexor produced only moderate activity
against the bulk leukemic population of AML-CK2 cells. The modest reduction of leukemic
cell infiltrates in the bone marrow and spleen of selinexor-treated mice harboring AML-CK2
xenografts (Figures 3a—c) prevented the evaluation of toxicity in these animals (Figures 3d-
f).

Patient-derived xenograft AML-CN—NSG mice injected with 1.74 x 105 leukemia
cells from the patient with AML-CN developed leukemia 50 days after engraftment.
hCD45+ cells accounted for 93.7% + 0.57% of bone marrow leukocytes, and the AML blast
count of 11.2 x 106 + 2.2 x 105 hCD45+ cells per femur and tibia, confirming leukemia
progression in these animals (Figures 4a and b; Supplementary Figure S3A). In vehicle-
treated mice, hCD45+ cells made up 98.4% + 0.38% of bone marrow leukocytes, with the
total hCD45+ cell counts per femur and tibia increasing to 19.5 x 10% + 2.6 x 106 cells. By
contrast, the bone marrow infiltration by hCD45+ cells in selinexor-treated animals
decreased to 14.5% + 3.5% of bone marrow leukocytes, with hCD45+ cell counts per femur
and tibia reduced by 11.2-fold to 1.00 x 106 + 0.31 x 106 cells (Figures 4a and b;
Supplementary Figure S3C). The weights of spleens isolated from mice treated with
selinexor decreased by approximately threefold as compared with controls (Figure 4c).
Hematoxylin and eosin-stained sections of the bone marrow and spleens from mice bearing
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AML-CN cells show reduction in leukemic infiltration and demonstrate a negligible toxic
response to selinexor therapy (Figures 4d—f). These data demonstrate a dramatic reduction in
the leukemia burden in selinexor-treated PDX model of AML-CN.

To demonstrate the inhibitory effects of selinexor on XPO1 activity, we tested for the
induction of XPO1 mRNA levels in AML-CN cells engrafted in PDX AML-CN in response
to drug treatment. Upregulation of XPO1 mRNA levels likely occurs because of the
compensatory effects in response to loss of XPO1 activity and has been previously
established as a pharmacodynamic marker for selinexor response.3449 As shown in
Supplementary Figure 5, XPO1 mRNA levels increased by 1.7-fold in selinexor-treated
AML-CN as compared with vehicle controls (Supplementary Figure 5).41 Moreover, nRNA
levels of other known XPOL1 response genes HSPA4L, ARRDC3, and NGFR are
dramatically upregulated in selinexor-treated AML-CN blasts (Supplementary Figure S5).
Furthermore, inhibition of XPO1 activity by selinexor induced nuclear retention of the
XPO1 cargo FOXO3A (Supplementary Figure S6). Taken together, these data indicate the
inhibitory effects of selinexor on XPO1 activity in primary human AML cells engrafted into
mice.

Selinexor targets the LICs of primary AML

We next asked whether selinexor kills the LIC from patients AML-CK1, AML-CK2, or
AML-CN. To determine the frequency of LICs before and after treatment with selinexor, we
performed a limiting dilution transplantation assay. As shown in the experimental scheme in
Figure 5a, the bone marrow cells were isolated from the femurs and tibias of mice engrafted
with patient AML blasts after treatment with either vehicle or selinexor and retransplanted at
serial dilutions (doses of 108-102 hCD45+ cells) by intravenous injection into new untreated
recipient NSG mice (Figure 5a). After 19-22 weeks, the secondary recipients were analyzed
for the development of leukemia as determined by the presence of hCD45+ cells in the
mouse bone marrow. The number of leukemic mice in each group transplanted with specific
numbers of hCD45+ cells was used to calculate the LIC frequency by linear regression
analysis.38 Comparison of LIC frequency for patient xenografts treated with vehicle vs
selinexor was then used to assess the antileukemic activity of selinexor against LICs in each
of the three AML xenografts.

For AML-CK1, results of the limiting dilution transplantation assay clearly illustrate a
decrease in LIC frequency, from 1/1615 for vehicle-treated patient xenografts to 1/9631 for
selinexor-treated xenografts, representing a 5.96-fold reduction in LIC number in response
to therapy (Figure 5b). The most striking result was obtained for AML-CK2, where the LIC
frequencies for vehicle and selinexor-treated xenografts were 1/100 and 1/43 413,
respectively, representing a >434-fold reduction in the LIC frequency in response to
treatment with selinexor (Figure 5¢). The LIC frequency in the AML cells isolated from
xenograft AML-CN was 1/3499, which decreased by ~ 171-fold to 1/597 842 after treatment
with selinexor (Figure 5d). Taken together, these results demonstrate that selinexor is highly
cytotoxic to the LIC isolated from patients with diverse forms of high-risk AML, including
normal karyotype, FLT3-ITD AML and complex karyotype disease. Importantly, AML-CK2
xenografts showed only a modest response to selinexor treatment in primary mice (Figures
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3a and b), demonstrating that assessment of reduction in bulk leukemic engraftment may
underestimate the effects of this drug against LICs.

Selinexor has little cytotoxicity against normal CD34+ stem and progenitor cells

To determine the effects of KPT-330 on normal human hematopoietic cells, we established
xenografts by injecting NSG mice with hCD34+ cells isolated from 10 pooled cord blood
samples. Blood samples from engrafted mice were monitored at 9 weeks and then every 2
weeks thereafter for the appearance of hCD45+ cells. Eleven weeks postinjection, successful
engraftment of human blood cells was indicated by the presence of 32.9% + 1.9% of
hCD45+ cells in the peripheral blood of mice (Supplementary Figure S4). Engrafted mice
were split into two groups and treated orally with either vehicle or selinexor (20mg/kg) three
times a week for 4 weeks. At the end of the treatment period, the bone marrows of mice
treated with selinexor contained a slightly lower percentage of hCD45+ leukocytes
compared with vehicle-treated controls: 70.5% + 2.3% compared with 85.2% + 1.5%
(Supplementary Figure S4B). Total hCD45+ leukocyte counts per femur and tibia were
reduced from 17.7 x 108 + 1.6 x 10° cells in vehicle-treated mice to 5.8 x 10% + 0.75 x 10°
in selinexor- treated mice (Figure 6a). However, the percentage of hematopoietic stem and
progenitor cells (hCD34+ and hCD34+CD38-) was not decreased in selinexor-treated
compared with vehicle control mice, indicating that, by contrast with AML LIC, selinexor
spares normal hematopoietic stem and progenitor cells (Figure 6b). Importantly, the fold
decrease in absolute counts of normal hematopoietic stem and progenitor cells after
selinexor therapy was much lower that the fold reduction in LIC frequency of the AML cells
isolated from selinexor-treated xenografts, indicating that selinexor provides a therapeutic
window for targeting LICs. Moreover, the myelo-lymphoid differentiation profile of the
bone marrow cells of mice treated with selinexor demonstrated little effect of the drug on the
distribution of myeloid (hCD33+), lymphoid (hCD19+) and monocytic (hCD14+) bone
marrow progenitors (Figure 6¢). However, the percentages of myelomonocytic (hCD15+)
and granulocyte (hCD66+) progenitors were reduced by ~ 2.1- and ~ 6.2-fold, respectively,
in response to treatment with selinexor compared with controls (Figure 6¢). Taken together,
these results suggest that selinexor has selective activity against LICs, with relative sparing
of normal hematopoietic stem and progenitor cells.

Selinexor rapidly induced death signaling in AML cells treated ex vivo

Our previous work demonstrated involvement of intrinsic apoptosis and an increase in
mitochondrial priming in triggering cell death in response to selinexor.28:30 In this study, we
determined the increase in apoptotic priming in response to selinexor of the three xenografts
by a dynamic BH3 profiling strategy.36:3741:42 This technique measures drug-induced
increase in mitochondrial apoptotic priming after a 16-h incubation to predict if tumor cells
will respond to therapy. As shown in Figure 5, PDXs AML-CK1 and AML-CN, but not
AML-CK2, were primed for apoptosis upon 16 h of ex vivo selinexor treatment (Figure 7),
correlating with the observed /in vivo response (Figures 2—4). These data indicate that
selinexor promotes mitochondrial apoptosis to kill primary AML cells. It also suggests that
dynamic BH3 profiling should be prospectively evaluated as a predictive biomarker for
selinexor response in upcoming clinical trials.
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DISCUSSION

Our findings establish the antileukemic activity of the nuclear export inhibitor selinexor, an
oral clinical stage SINE class of XPO1 antagonists, in human primary AML cells engrafted
into immunodeficient NSG mice. Results of the therapeutic experiments in mice bearing
AML xenografts demonstrate that selinexor is highly active against blast cells from two of
the three patients with poor-prognosis disease. Importantly, serial dilution transplantation
assays reveal that selinexor therapy greatly reduced the frequency of LICs in xenografts
derived from all three patients, indicating that this agent not only targets the bulk population
of leukemic cells but eliminates LICs as well. Moreover, in mice engrafted with AML cells
derived from one of the patients with complex karyotype AML (AML-CK2), selinexor
significantly decreased LIC frequency despite exerting only modest antileukemic activity
against bulk disease. These results underscore the importance of using stem cell assays when
evaluating the effects of new cancer drugs, as measurements of reduction in bulk populations
may underestimate potency against the disease-sustaining stem cells.

The capability of selinexor to target the AML LICs in xenografts established from human
AML samples has important therapeutic implications. Current regimens of chemotherapy for
AML often lead to initial disease remissions, but these are typically followed by a high
relapse rate, regardless of the intensity of postinduction chemotherapy. Because AML likely
relapses due to resistance of the LIC subpopulation to conventional therapies, agents that
target both LICs and the bulk leukemia cell population are needed to achieve long-term
remissions with curative potential. Thus the ability of selinexor to eliminate the LICs that
give rise to the rapidly proliferating myeloid blasts and ultimately lead to disease recurrence
portends the clinical utility of this new, first-in-class agent in the treatment of AML. Because
AML is a genetically heterogeneous clonal disorder, future work is needed to identify
biomarkers to predict the responsiveness of LICs to selinexor, as well as optimal schedules
for the integration of selinexor with standard chemotherapeutic agents to eradicate the LIC
subpopulation.

Most drugs used in the treatment of AML also kill normal hematopoietic progenitor cells,
often leading to bone marrow hypoplasia with pancytopenia as the dose-limiting toxicity.
Our findings show that selinexor causes minimal toxicity to normal hematopoietic cells, as
demonstrated by the normal differentiation and maturation of hematopoietic cells in the bone
marrows and spleens of mice after 4 weeks of treatment with selinexor (Figures 2, 3, 4 and 6
and our previous work28:30), Notably, normal bone marrow cellularity and function were
restored in the mice while they are receiving selinexor. In mice engrafted with normal cord
blood human CD34+ cells, selinexor reduced bone marrow hCD45+ cell numbers, but the
impact on normal hematopoietic stem and progenitor cells was modest compared with the
decreases seen in LIC frequency after selinexor treatment, supporting the existence of a
therapeutic window for targeting LICs.

Nuclear export by XPO1 maintains the cellular distribution of a variety of protein and RNA
molecules that function as tumor suppressors and are involved in apoptotic signaling and cell
cycle regulation. Selinexor spares normal hematopoietic cells, raising the possibility that
normal cells are less reliant on continuous high levels of nuclear export for survival.
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Although the exact molecular mechanisms underlying the selective antileukemic activity of
selinexor remain to be elucidated, it is likely that nuclear retention of XPO1-regulated
tumor-suppressor proteins, such as p53, p21, FOXO, PP2A, BRCAL and survivin, leads to
apoptotic signaling in neoplastic cells. We suggest that requirement for nuclear-cytoplasmic
export of key proteins in normal cells is not as stringent as that in malignant cells that
undergo apoptosis when treated with selinexor.

These combinatorial changes in protein or RNA distribution may also contribute to the high
degree of differential sensitivity of the AML blasts and LICs observed in mice engrafted
with AML cells derived from one of the patients with complex karyotype AML (AML-
CK2). We hypothesize that the differential sensitivity of LICs and the bulk AML cells in
response to selinexor observed in patient AML-CK2 could be due to the effects of the drug
on self-renewal pathways that are aberrantly activated in LICs but are not active in the bulk
leukemia cell population. Because they represent a minor cell population, the responsiveness
of LICs cannot be inferred from studies of the bulk AML cell population and thus have to be
assayed independently through serial dilution retransplantation studies, such as those we
have performed here.

From previous studies, it is clear that LICs are often not as responsive as the bulk AML cells
to cytarabine, presumably because the LIC are relatively quiescent. We showed in AML cell
lines that selinexor-induced cytotoxicity is not cell-cycle dependent, suggesting the
importance of PDX models to assay the responsiveness of LICs through retransplantation.
Because of the unique activity of selinexor in inhibiting XPO1, we postulate that it is more
active against quiescent LICs than the bulk leukemia cells, because one of its mechanisms of
action is to interfere with pathways that are needed for the re-entry of resting or GO cells into
the cell cycle. This particular aspect of selinexor activity would be expected to focus on the
LIC and not the regular growth of the ‘transit-amplifying’ cells that comprise the bulk AML
cell population.

Selinexor entered clinical Phase | trial in patients with hematological malignancies
(NCT01607892) in 2012 and is currently being tested in patients with relapsed or refractory
AML (NCT02249091, NCT02088541, NCT02093403, NCT02299518). The preliminary
results of this trial are encouraging, as they have demonstrated that selinexor is active in
patients with relapsed or refractory AML at well-tolerated dosages, in that 4 of the 14
heavily pretreated patients enrolled have achieved complete response or complete response
with incomplete hematological recovery.3! In summary, our results demonstrate that
selinexor potently targets self-renewing LIC populations in AML, making it one of the very
few drugs that are in clinical trials in patients that kill self-renewing AML cells. Given that
LICs are thought to be responsible for causing relapse after successful initial induction of
remission in patients with AML, our findings strongly support further clinical testing of
selinexor to clarify its activity in combination regimens for the treatment of patients with
both newly diagnosed and advanced AML.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Experimental scheme for study of the antileukemic activity of selinexor (KPT-330) in
immunodeficient mice engrafted with primary human AML cells. Mouse xenograft models
of human primary AML were established for use in therapeutic experiments to assess the
efficacy of Selinexor against AML cells isolated from patients with AML-CK1, AML-CK2

and AML-CN (see Table 1). BM, bone marrow.
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Figure 2.
Selinexor (KPT-330) shows potent activity against primary AML-CKZ1 cells transplanted

into NSG mice. (a) Percentage of human AML-CKZ1 cells in the bone marrow of NSG mice
engrafted with AML-CN cells before and after treatment with vehicle or selinexor. (b)
Counts of human CD45 cells per one femur and tibia in mice engrafted with AML-CK1
cells before treatment and following treatment with vehicle and selinexor. (c) Spleen weights
of mice injected with human AML-CK?1 cells before and after treatment with vehicle control
and selinexor. (d—f) Histological analysis of the spine and femur bones and spleen from mice
that had been engrafted with AML-CK1 cells isolated from killed animals before and after
treatment with either vehicle control or selinexor. Human leukemia cell infiltration is
apparent in the bone and spleen before treatment (d) and then after treatment with vehicle
control (e), while normal hematopoiesis is seen after treatment with selinexor (f). Scale bar
(white)=10 um. White arrows point to the AML blast cells. In panels (a—c), each symbol
denotes a single animal (7=4-8 per group). Error bars represent meants.e.m.; ***P< 0.0001
by unpaired #test for comparisons between the indicated groups. *£< 0.05, **P< 0.001.
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Figure 3.
Selinexor (KPT-330) induces only a moderate reduction of the leukemia burden in NSG

mice engrafted with primary AML-CK2 cells. (a) Percentage engraftment of human AML-
CK2 cells in the bone marrow of NSG mice before and after treatment with vehicle or
selinexor. (b) Human CD45+ cells counts per femur and tibia in NSG mice transplanted with
AML-CK?2 cells before and after treatment with vehicle or selinexor. (c) Spleen weights of
mice transplanted with human AML-CK2 cells before and after treatment with vehicle or
selinexor. (d-f) Hematoxilin and eosin staining of the femur and spine bones and spleen of
mice transplanted with AML-CK2 cells isolated from animals before treatment (d) and after
treatment with either vehicle (e) or selinexor (f). Each symbol denotes an individual animal
(n=4-8 per group). Scale bar (white) =10 pum. White arrows point to the AML blast cells.
Error bars represent mean +s.e.m. values; *P < 0.05 by unpaired #test for comparisons
between the indicated groups. **P< 0.001.
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Selinexor (KPT-330) demonstrates strong activity against primary AML-CN cells engrafted
into NSG mice. (a) Infiltration of human leukemic cells in the bone marrow of NSG mice
transplanted with AML-CN cells before and after treatment with vehicle or selinexor. Bone
marrow infiltration is indicated by the percentage of human CD45+ cells in femurs and
tibias. (b) Human CD45+ cells counts per femur and tibia in NSG mice transplanted with
AML-CN cells, before and after treatment with either vehicle or selinexor. (c) Comparison
of spleen weights of mice with human AML-CN leukemia before and after treatment with
vehicle or selinexor. (d-f) Hematoxilin and eosin staining of spines of mice transplanted
with AML-CN cells isolated from killed animals before and after treatment with either
vehicle control (e) or selinexor (f). Extensive human leukemia cell infiltration is apparent in
the spine bone and spleen before treatment (d) and in vehicle-treated mice (). By contrast,
normal hematopoietic cell differentiation and maturation can be seen in selinexor-treated
mice (f). Each symbol denotes an individual animal (/7=4-6 per group). Scale bar (white)
indicator =10 pm. White arrow point to the AML blast cells. Error bars represent mean
+s.e.m. values. ***P < 0.0001 by unpaired #test for comparisons between the indicated

groups. **P< 0.001.
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Figure 5.

Selinexor (KPT-330) targets the LICs of three primary AML samples engrafted into NSG
mice. (a) Scheme for the limiting dilution transplantation assay. Bone marrow AML cells in
xenografts treated with either vehicle or selinexor were re-transplanted at different serial
dilutions into new recipient mice. The number of leukemic mice per total number of animals
injected with AML cells in secondary recipients was used to determine the LIC frequency in
vehicle- and selinexor-treated AML cell populations. LIC frequency of AML cells in AML-
CK1 (b), AML-CK2 (c), and AML-CN (d) xenografts after treatment with either vehicle or
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selinexor. The table shows the number of leukemic mice in each secondary recipient group
and reports the LIC frequencies with 95% confidence intervals for the three xenografts.
*Pilot experiment for xenograft AML-CN (d), which demonstrated that 103 hCD45+ cells
isolated from vehicle-treated mice were sufficient to initiate leukemia in secondary
recipients, was used to guide the hCD45+ cell doses for determining the LIC frequencies in
this xenograft.
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Figure 6.
Selinexor (KPT-330) spares normal human hematopoietic cells engrafted into NSG mice. (a)

Total counts of hCD45+ cells per femur and tibia in mice engrafted with cord blood hCD34+
cells before and after treatment with either vehicle or selinexor at 20 mg/kg for 4 weeks. (b)
Percentage of hCD34+ and hCD34+/CD38 - cells in the bone marrow (BM) of established
grafts treated with either vehicle or selinexor. (c) Distribution of human blood lineages in the
BM of grafts treated with either vehicle or selinexor. Sel, Selinexor, BT, before treatment.
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m=6-9 mice per group; Error bars represent meants.e.m.; ***P < 0.0001 by Student’s #test
for comparison between the indicated groups.
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Figure 7.
Selinexor induces death signaling in primary AML cells. Bone marrow cells from AML

xenografts were exposed ex vivoto 100 nM KPT-330 for 16 h and then Dynamic BH3
profiling was performed. Selinexor induced an increase in mitochondrial priming (A%
priming) in AML-CN and AML-CK1 but not AML-CK2.
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