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ABSTRACT
C 1 utant isocitrate dehydrogenase 1 (mIDH1) inhibitors have shown

single-agent activity in relapsed/refractory acute myeloid

eukemia (AML), even though most patients eventually relapse.
We evaluated the efficacy and molecular mechanism of the combination
treatment with azacitidine, which is currently the standard of care in older
AML patients, and mIDH1 inhibitor BAY1436032. Both compounds were
evaluated in vivo as single agents and in combination with sequential (azac-
itidine, followed by BAY1436032) or simultaneous application in two
human IDH1 mutated AML xenograft models. Combination treatment sig-
nificantly prolonged survival compared to single agent or control treatment
(P<0.005). The sequential combination treatment depleted leukemia stem
cells by 470-fold. Interestingly, the simultaneous combination treatment
depleted leukemia stem cells by 33,150-fold compared to control mice. This
strong synergy is mediated through inhibition of MAPK/ERK and Rb/E2F
signaling. Our data strongly argues for the concurrent application of mIDH1

inhibitors and azacitidine and predicts improved outcome of this regimen
in IDH1 mutated AML patients.

Introduction

In acute myeloid leukemia (AML) patients, mutated isocitrate dehydrogenase 1
(IDH1) is found in about 6-10% of patients'” at amino acid arginine 132 in the active
site where isocitrate and NADPH bind.* Whereas the enzymatic function of mutant
IDH to convert isocitrate to o-ketoglutarate is impaired, it gains a neomorphic func-
tion to convert a-ketoglutarate to R-2-hydroxyglutarate (R-2HG), which induces his-
tone- and DNA hypermethylation through inhibition of demethylation, and leads to
a block in cellular differentiation thus promoting tumorigenesis.** IDH1 mutant-spe-
cific (mIDH1) inhibitors have emerged as a potent tool for the treatment of IDH1
mutant AML. A recent report on the first clinical IDH1 inhibitor ivosidenib as a single
agent in IDH1-mutated relapsed or refractory AML showed an overall response rate
of 41.6% and a complete remission rate of 21.6% with a median duration of
response of 8.2 months.” While these results are promising in this difficult to treat
patient setting, they also suggest that mIDH1 inhibitors should be combined with
other agents to improve efficacy.

A possible mechanism of synergy in IDH1 mutant AML is the reversal of DNA
methylation by hypomethylating agents. 5-azacitidine (AZA) is a hypomethylating
agent and can activate key epigenetically silenced pathways in AML cells, leading to
an arrest of AML cell proliferation. The AZA-AML-001 study showed that azaciti-
dine has clear activity in AML as monotherapy in patients with unfavorable cytoge-
netics.” Therefore, a successful reversal of IDH1 mutant induced DNA hypermethy-
lation in AML cells represents a window of opportunity to enhance the efficacy of
mIDH1 inhibitors. We have previously shown that BAY1436032 is a highly effective
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oral pan-mutant IDH1 inhibitor, which has strong anti-
leukemic activity in patient-derived xenograft (PDX) mod-
els of IDH1 mutant leukemia i# vivo by inducing differenti-
ation of leukemic blasts as well as inhibition of leukemia
stem cell proliferation and self-renewal.”” BAY1436032 is
currently evaluated in phase I clinical trials in AML and
glioma patients (NCT03127735 and NCT02746081).

In this study, we evaluated the therapeutic efficacy and
elucidated the mechanism of action of the combined treat-
ment of azacitidine and BAY1436032 in IDH1 mutant AML
in vitro as well as in vivo in two independent patient-derived
xenograft models of IDH1 mutant AML. From these exper-
iments, we conclude that the simultaneous combination of
amIDH inhibitor with a hypomethylating agent synergisti-
cally inhibits LSC through suppression of MAP kinase and
RB/E2F signaling, which are involved in cell survival and
proliferation.

Methods

Combination index

Drug synergy was evaluated using a combination index (CI)
equation based on the multiple drug-effect equation of Chou-
Talalay.""* Colony-forming cell units were assayed in methylcellu-
lose after treatment with varying doses of either azacitidine ( 62.5,
125, 250, 500, 1,000 or 2,000 nm), BAY 1436032 ( 6.25, 12.5, 25,
50, 100 or 200 nm) or a fixed ratio of the combination of azaciti-
dine/BAY 1436032 (62.5/6.25, 125/12.5, 250/25, 500/50, 1,000/100
or 2,000/200 nm). The analysis was performed with CompuSyn
software (ComboSyn Inc., Paramus, USA).

Patient samples

Diagnostic bone marrow or peripheral blood collected from
AML patients at Hannover Medical School were analyzed for
mutations in IDH1 and IDH2 by Sanger sequencing. Details of the
type of IDH mutation are described in the figure legends.
Mononuclear cells were isolated by ficoll density centrifugation,
washed with PBS, and red blood cells were lysed using a red blood
cell (RBC) lysis buffer (BD Pharm Lyse, BD Biosciences,
Heidelberg, Germany). The bone marrow samples for the develop-
ment of the PDX models were collected prior to the start of AML
treatment. Written informed consent was obtained according to
the Declaration of Helsinki, and the study was approved by the
Institutional Review Board of Hannover Medical School,
Hannover, Germany.

Transplantation and treatment

Six to eight-week old female NOD.Cg-Prkdc™ I2rg""1/Sz]
(NSG) mice were purchased from Hannover Medical School,
Germany and kept in pathogen free conditions at the central ani-
mal laboratory of Hannover Medical School. Experimental proce-
dures were approved by the governmental authorities of Lower
Saxony, Germany, and supervised by local animal welfare officials.
The IDH1 mutant AML PDX model was developed as described.”
One million patient-derived AML cells (hCD45+) were collected
from the bone marrow and spleen of leukemic mice and were
injected intravenously in the tail vein of sublethally (3 Gy) irradiat-
ed NSG mice. Neither randomization, nor blinding was used since
all animal experiments were performed with a homogeneous
strain, comparable age, and similar variance of the mice.
Treatment was started 28 days after transplantation. The control
groups were treated with either vehicle, BAY1436032 150 mg/kg
once daily orally continuously, or azacitidine 1 mg/kg once daily
subcutaneoulsy on days 1-5, repeated once after 28 days. The test
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groups were treated with BAY1436032 and azacitidine in the doses
mentioned above either starting both drugs on day 1 (simultane-
ous group) or starting azacitidine on day 1 but BAY1436032 on day
6 (sequential group). In the second cycle in the sequential treat-
ment group, BAY1436032 was stopped during azacitidine treat-
ment to better model the biologic and therapeutic effects of the
synergy. The treatment was stopped at day 84 or day 96. The pro-
portion of leukemic cells in the peripheral blood of mice was meas-
ured with the human-specific CD45 antibody every 4 weeks by
tail vein bleeds and fluorescence-activated cell sorting (FACS)
analysis.” Blood counts were performed using an ABC Vet
Automated Blood counter (Scil animal care company GmbH,
Viernheim, Germany). All animal experiments were started with
10 animals, however, the animals which died before the start of
treatment due to engraftment failure, during injections or during
bleeding were excluded from the study.

Statistical analysis

Two-tailed unpaired comparisons were performed by Mann-
Whitney test in Graph pad prism 8.2.1 (GraphPad Software, La
Jolla, CA). Comparison of survival curves were performed using
the log-rank test. Statistical analyses were performed with
Microsoft Excel 2016 (Microsoft, Munich, Germany) or GraphPad
Prism 8.2.1 (GraphPad Software, La Jolla, CA, USA). Graphical rep-
resentation was prepared using Adobe Illustrator CS6 (Adobe sys-
tems GmbH, Munich, Germany). The size of the animal cohorts
was based on our previous study.”*'* All in vitro experiments were
performed at least three times and all attempts of replication were
successful.

Results

mIDH1 inhibitor BAY1436032 and azacitidine
synergize to inhibit human IDH1 mutant acute
myeloid leukemia cells ex vivo

In order to test the effect of the combination of
BAY1436032 and azacitidine on survival and proliferation
of primary human AML cells, IDH1 wild-type (n=6) and
IDH1 mutant (n=6) cells from AML patients were seeded in
semi-solid medium supplemented without or with
BAY1436032 in combination with varying concentrations
of azacitidine. BAY1436032 reduced colony formation
specifically in human IDH1 mutant AML cells with an IC.
of 100 nM, while IDH1 wild-type cells were not affected
(Online Supplementary Figure S1A). Azacitidine alone
induced a 20% reduction in colony formation in both IDH1
wild-type and IDH1 wild-type AML patient cells at 100 nM
(Online Supplementary Figure S1B), while the combination
of BAY 1436032 with azacitidine reduced colony formation
in a dose-dependent manner in IDH1 mutant cells with
reduction of colonies by 80% in IDH1 mutant AML but
only by 20% in IDH1 wild-type AML cells at 100 nM azac-
itidine, suggesting improved efficacy of an IDH1 inhibitor
in combination with azacitidine (Figure 1A, normalized to
cells treated with BAY1436032 at 100 nM). In order to test
the effect on cell cycle progression and apoptosis, IDH1
mutant and IDH1 wild-type AML cells were cultured in
suspension medium and treated with vehicle, 100 nM
BAY1436032 or 100 nM azacitidine as single agents or in
combination. The proportion of cells in S phase of the cell
cycle was strongly decreased by the combination treatment
compared with either monotherapy or vehicle in IDH1
mutant AML cells, however, remained largely unchanged in
IDH1 wild-type cells (Figure 1B-C). No difference was
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observed in the proportion of GO/G1 cells between the
combination and monotherapy groups, while the subG1
population was increased in the combination treatment
group indicating increased cell death. The percentage of
Annexin V* cells did not differ between any of the treat-
ment groups in IDH1 wild-type or IDH1 mutant AML cells
(Online Supplementary Figure S2). In order to further investi-
gate the synergy between azacitidine and BAY1436032, we
treated IDH1 mutant AML cells from six patients with seri-
al dilutions of azacitidine and BAY 1436032, either alone or
in combination and performed colony forming unit assays.
The combination of azacitidine with BAY 14360932 signifi-
cantly decreased the colony formation of cells treated with
both agents (Figure 1D). In order to determine whether the
combined effects of azacitidine and BAY1436032 are addi-
tive or synergistic, we performed an isobologram analysis
from an average of six patients. The combination of azaci-
tidine with BAY1436032 proved highly synergistic with a
combination index (CI) of <0.68 at an effective dose (ED) of
95, a CI of <0.65 at ED 75, and a CI of <0.63 at ED 50,
respectively (Figure 1E; a CI of 1 reflects an additive effect,
a CI <1 a synergistic effect and a CI >1 indicates antago-
nism). This data suggest that BAY1436032 in combination
with azacitidine more effectively inhibits proliferation of
primary IDH1 mutant AML cells ex vivo than single agent
treatment.

BAY1436032 synergizes with azacitidine to exert potent
anti-leukemic activity in the patient-derived IDH1 mutant
acute myeloid leukemia xenograft

models in vivo

We have previously developed and characterized an
IDH1 mutant PDX mouse model (AML-PDX1) using pri-
mary AML cells from a patient harboring IDH1 R132C,
FLT3-TKD (p.D835del), an atypical NPM1 (p.S254LfsTer4),
and a NRAS (p.Q61R) mutation.” After 28 days of trans-
plantation, having confirmed engraftment between 2-5% in
peripheral blood, IDH1 mutant PDX mice were treated
with either vehicle, BAY1436032, two cycles of azacitidine
as monotherapy or in sequential or simultaneous combina-
tion of both drugs for a total duration of 84 days (Figure
2A). We evaluated the simultaneous and sequential combi-
nation treatment to derive mechanistic insight into the
combination treatment and to instruct the clinical use of
this combination, as mutation analysis usually takes some
time and leaves a time window in which treatment with
azacitidine may be started before the mutation status is
known, followed by sequential treatment with a mIDH1
inhibitor.

While the engraftment of human leukemic cells increased
in vehicle and azacitidine treated mice at week 8 after the
start of treatment, the percentage of leukemic cells
decreased in BAY1436032 treated mice as well as in the
groups receiving the sequential and simultaneous combina-
tion treatment (Figure 2B). However, after the stop of treat-
ment at week 12 the percentage of leukemic cells increased
after week 16 in the treatment groups receiving
BAY1436032 or the sequential combination of BAY 1436032
and azacitidine (Figure 2B). Interestingly, the percentage of
leukemic cells in mice treated with the simultaneous com-
bination of BAY1436032 and azacitidine showed a delayed
increase of blasts and slower kinetics (Figure 2B) and 2 of 6
mice from this cohort remained negative in peripheral
blood until the end of the study at 36 weeks (Figure 2C).
The mean IDH1 mutant allele fraction in peripheral blood

at 8 weeks after the stop of the treatment was 48.8% in
vehicle, 40.56% in the azacitidine, 46.43% in the
BAY1436032, and 43.2% in the sequential treatment
cohorts. However, median IDH1 mutant allele burden was
10.89% in the simultaneous treatment cohort, and below
the detection limit in 3 of 5 analysed mice (Online
Supplementary Figure S3A). While the white blood cell
counts constantly increased and platelet counts, as well as
hemoglobin, decreased in mice receiving vehicle, azaciti-
dine or BAY1436032 monotherapy or the sequential combi-
nation of BAY1436032 and azacitidine, all mice treated
simultaneously had normal blood counts until week 36
(Figure 2D-E, Online Supplementary Figure S3B). In order to
compare the effects of the combination therapy with single
agents on the induction of myelomonocytic differentiation
the expression of CD14 and CD15 in human CD45" cells
was monitored. At day 30 after initiation of treatment there
was no significant difference in the expression of the
myelomonocytic maturation markers CD14 and CD15 in
the vehicle (CD14 0.05+0.05; CD15 0.86+0.3) and azaciti-
dine treated groups (CD14 0; CD15 1.39+0.36). In contrast,
mice treated with BAY1436032 had a significantly higher
proportion of cells expressing CD14 (4.21+0.62) and CD15
(7.67+0.68). Mice treated in parallel with the combination
of BAY1436032 and azacitidine had additive effects on the
expression of these markers (CD14 7.44+1.27; CD15
11+0.79) (Online Supplementary Figure S4). While azacitidine
treated mice survived longer with a median survival of 188
days compared to vehicle-treated mice with a median sur-
vival of 139 days, BAY1436032 treated mice had significant-
ly longer latency with a median survival of 220 days.
However, mice treated sequentially with the combination
of BAY1436032 and azacitidine survived longer than with
BAY1436032 monotherapy with a median survival of 299
days. Strikingly, 5 of 6 mice treated simultaneously with
BAY1436032 and azacitidine survived until the end of the
study at 300 days and the median survival was not reached
(Figure 2F).

In an independent, second PDX model (AML-PDX2),
which harbored IDH1 p.R132H, DNMT3A p.R882H,
PTPN11 p.A72T, and NPM1 p.T288CfsTerl2 mutations
(Online Supplementary Figure S5A), the percentage of human
CD45" cells increased in vehicle, azacitidine, BAY1436032
and sequential combination treatment groups albeit with
different kinetics (Online Supplementary Figure S5B).
However, even after the stop of treatment at week 12, the
percentage of leukemic cells in mice treated with the simul-
taneous combination of BAY1436032 and azacitidine
remained low and 2 of 6 mice from this cohort had less than
10% human CD45" cells in the peripheral blood until the
end of the study at 28 weeks (Online Supplementary Figure
S5C). In contrast to the other groups, all mice treated simul-
taneously had normal blood counts until week 16 after the
start of treatment (Online Supplementary Figure S5D-F). At
day 90 after initiation of treatment mice treated simultane-
ously with the combination of BAY1436032 and azacitidine
had significantly higher expression of CD15 than mice
treated with BAY1436032 alone or with the sequential
combination of BAY1436032 and azacitidine (Online
Supplementary Figure S5G). The mice treated simultaneously
with BAY1436032 and azacitidine survived significantly
longer with a median survival of 250 days than sequentially
treated mice with a median median survival of 186 days
(Online Supplementary Figure S5G).

In summary, the simultaneous combination of
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Figure 1. Mutant IDH1 inhibitor BAY1436032 and azacitidine synergize to inhibit human IDH1 mutant acute myeloid leukemia cells ex vivo. (A) Inhibition of colony
formation by combining BAY1436032 (100 nm, corresponding to the IC..in previous experiments) with varying concentrations of azacitidine in colony forming assays
using primary human acute myeloid leukemia (AML) cells with wild-type or mutant IDH1. The graph represents the proportion of colonies relative to cells treated with
BAY1436032 at 100 nM (mean + standard error of the mean). From the six patients with IDH1 mutant AML, four harbored an IDH1 R132H mutation and one each
an IDH1 R132C and IDH1 R132G mutation. (B) Proportion of viable cells in S phase of the cell cycle after treatment with BAY1436032 (100 nM) or azacitidine (100
nM) or the combination of both relative to DMSO-treated cells (mean + standard error of the mean). From the 5 patients with IDH1 mutant AML, 3 harbored an IDH1
R132H mutation and 1 each an IDH1 R132C and IDH1 R132G. (C) A representative fluorescence-activated cell sorting plot of IDH1 wild-type and IDH mutant primary
AML cells treated ex vivo with either vehicle, BAY1436032, azacitidine or BAY1436032 and azacitidine in combination. (D) Inhibition of colony formation after treat-
ment with serial dilutions of azacitidine and BAY1436032, alone or in combination using primary human IDH1 mutant AML cells. Five patients harbored an IDH1
R132H and one an IDH1 R132C mutation. (E) Isobologram analysis of the combination of azacitidine and BAY1436032 in IDH1 mutant AML patient cells. The indi-
vidual doses of azacitidine and BAY1436032 to achieve 90% growth inhibition (effective dose [ED] or fraction affected [Fa]=0.9), 75% growth inhibition (ED 75 or
Fa=0.75), and 50% growth inhibition (ED 50 or Fa=0.5) were plotted on the x- and y-axes. Combination index (Cl) values calculated using CompuSyn software is
depicted in the graph. A Cl of 1 indicates an additive effect, a Cl <1 a synergistic effect and a Cl >1 antagonism. Wt: wild-type, mut: mutant.
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Figure 2. BAY1436032 synergizes with azacitidine to exert potent anti-leukemic activity in a patient-derived IDH1 mutant acute myeloid leukemia xenograft model
in vivo. (A) Schematic representation of the treatment regimens; sim: simultaneous treatment with BAY1436032 and azacitidine (Aza); seq: sequential treatment
with BAY1436032 and azacitidine. (B) Percentage of hCD45+ leukemic cells in peripheral blood of IDH1 R132C PDX1 mice at different time points after treatment
start with vehicle, azacitidine (1 mg/kg, subcutaneoulsy, days 1-5 and days 29-34), BAY1436032 (150 mg/kg orally, continuously), or the sequential or simultaneous
combination of BAY1436032 and azacitidine according to the treatment regimen shown in Figure 2A (mean * standard error of the mean [SEM]). (C) Percentage of

hCD45+ leukemic cells in peripheral blood of individual mice transplanted with
azacitidine. (D) White blood cell counts after different time points of treatment

human IDH1 mutant AML cells and simultaneously treated with BAY1436032 and
(mean = SEM). (E) Platelet counts after different time points of treatment (mean +

SEM). (F) Kaplan-Meier survival curves of IDH1 mutant PDX1 mice treated with vehicle, azacitidine (1 mg/kg, subcutaneoulsy), BAY1436032 (150 mg/kg, orally),
or the sequential or simultaneous combination of BAY1436032 and azacitidine according to the treatment regimen shown in Figure 2A. *P<0.5; **P<0.01;

**%P<0.001; PDX: patient-derived xenograft; wt: wild-type; mut: mutant.

BAY1436032 and azacitidine is highly effective in inhibiting
IDH1 mutated human leukemia in vivo, suggesting a specific
dependency on the simultaneous presence of both drugs in
Vivo.

Combination treatment with BAY1436032 and
azacitidine strongly depletes leukemia stem cells
in vivo through inhibition of MAP-kinase signaling and
activation of myeloid differentiation

In order to assess the effect of simultaneous and sequen-
tial treatment with BAY1436032 and azacitidine on
leukemia stem cell self-renewal we performed a limiting
dilution transplantation experiment with IDH1 mutant
AML cells. NSG mice transplanted with primary human
IDH1R132C mutant AML cells were treated when
leukemias were fully established (70-80% human AML
cells in the peripheral blood) with either vehicle, azaciti-
dine, BAY1436032, or the sequential or simultaneous com-
bination of BAY1436032 and azacitidine for 4 weeks
(Online Supplementary Figure S6A). Subsequently, we har-
vested bone marrow cells from these treatment groups and
transplanted defined numbers of human AML cells in recip-
ient mice at limiting dilution. Cell numbers of 2,000,000,
200,000, 20,000, 2,000, 200, and 20 human CD45" AML
cells were injected into three NSG recipient mice per cell
dose for each treatment group. After 8 weeks the mice were
bled and scored positive if more than 0.1% human CD45*

cells were present in the peripheral blood (Figure 3A). The
LSC frequency was 1 in 73 in vehicle-treated mice, 4.1-fold
lower in azacitidine treated mice (1 in 304), and 117-fold
lower in BAY 1436032 treated mice (1 in 8,580). The sequen-
tial combination treatment of BAY1436032 and azacitidine
decreased the stem cell frequency by 470-fold (1 in 34,300)
compared to control treated mice and by 4-fold compared
to BAY1436032 monotherapy. However, in mice treated
simultaneously with BAY1436032 and azacitidine, the
leukemia stem cell frequency was 33,150-fold lower com-
pared to control treated mice, 282-fold lower compared to
BAY1436032 treated mice, and 70-fold lower compared to
mice treated sequentially with BAY 1436032 and azacitidine
(1 in 2,420,000, Figure 3A, Online Supplementary Figure 6B).
Next, we performed gene expression profiling of hCD45*
cells from NSG mice treated with vehicle, azacitidine,
BAY1436032 or simultaneous treatment with BAY 1436032
and azacitidine for 4 weeks. In unsupervised hierarchical
clustering, azacitidine and vehicle-treated groups clustered
together and separated from BAY 1436032 and BAY 1436032
+ azacitidine treated groups. However, many genes that
were overexpressed in BAY1436032 treated cells were sup-
pressed in the combination group (Figure 3B). Principal
component analysis showed that BAY1436032 + azaciti-
dine treated cells separated well from the control or single-
agent treated cells (Figure 3C). Interestingly, 11 of 17 genes
from the LSC17 gene signature were downregulated by the
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Figure 3 on previous page. Combination treatment with BAY1436032 and azacitidine strongly depletes leukemia stem cells in vivo through inhibition of MAP-
kinase signaling and activation of myeloid differentiation. (A) Limiting dilution transplantation of bone marrow cells from IDH1 mutant patient-derived xenograft
(PDX) mice treated with vehicle, azacitidine (1 mg/kg, subcutaneously, days 1-5), BAY1436032 (150 mg/kg, orally [p.o.], daily [q.d.], 4 weeks) or the sequential or
simultaneous combination of BAY1436032 and azacitidine with the same doses as in the single agent treated mice. 2,000,000, 200,000, 20,000, 2,000, 200 or
20 human acute myeloid leukemia (AML) cells per mouse were transplanted into three recipient mice per cell dose. Leukemia stem cells (LSC) frequencies are
shown (mean + standard error of the mean [SEM], n=3). Mice with hCD45+ cells in peripheral blood after 8 weeks (>0.1%) were scored positive. The log-fraction
plot of the limiting dilution model has been generated using the ELDA software; the median LSC frequencies are shown by solid lines and the 95% confidence inter-
vals (Cl) by dotted lines. The fold change in LSC frequency normalized to vehicle treated control mice is shown as a bar graph. The fold decrease in LSC compared
to vehicle treated mice is indicated on top of the bars. (B) Unsupervised hierarchical clustering using euclidean distance of cells from bone marrow of IDH1 mutant
PDX mice treated with vehicle, azacitidine (1 mg/kg, subcutaneously, days 1-5), BAY1436032 (150 mg/kg, orally [p.o.], daily [g.d.], for 4 weeks) or the simultaneous
combination of BAY1436032 and azacitidine. Cells were harvested from bone marrow at 4 weeks after treatment and sorted for hCD45" cells. Gene expression pro-
filing using RNA was performed on Affymetrix Human HG_U133 Plus 2.0 microarrays (n=3 per group). (C) Principal component analysis of all treatment groups using
the top 4,000 differentially expressed genes. (D) Gene set enrichment analysis (MSigDB version 6.0) showing the most enriched transcription factor target gene sets
from the indicated treatment comparisons. NES: normalized enrichment score; * gene sets involved in MAP Kinase signaling; ** gene sets involved in RB/E2F sig-
naling (E) Heatmap from gene expression levels of MAP kinase signaling genes, RB/E2F signaling genes and myeloid differentiation genes from the bone marrow of
IDH1 mutant PDX1 mice treated with vehicle, azacitidine (1 mg/kg, subcutaneous [s.c.] sq, days 1-5), BAY1436032 (150 mg/kg, p.o., q.d., 4 weeks) or the simul-
taneous combination of BAY1436032 and azacitidine. Gene expression was determined by quantitative RT-PCR relative to the housekeeping gene ABL and was nor-
malized to gene expression in vehicle-treated cells (mean + SEM, n=3 independent experiments). (F) Representative western blots of in vitro cultured HT1080, a
fibrosarcoma cell line with an endogenous heterozygous IDH1 R132C mutation treated with vehicle, azacitidine, BAY1436032 or the simultaneous combination of
BAY1436032 and azacitidine using antibodies against the indicated signaling proteins. (G) Inhibition of colony formation by the MEK1/2 inhibitor trametinib in
colony-forming cell assays using primary human AML cells with wild-type IDH1 or mutant IDH1 (mean + SEM). (H) Inhibition of colony formation by the CDK4/6
inhibitor abemaciclib in colony-forming cell assays using primary human AML cells IDH1 wild-type or IDH1 mutant (mean + SEM). From the six patients with IDH1
mutant AML, three harbored a IDH1 R132H mutation and one each an IDH1 R132C, IDH1 R132L and IDH1 R132G mutation. *P<0.5; ***P<0.001, wt: wild-type,

mut: mutant: AZA: azacitidine.

combination treatment, supporting the inhibitory effect of
the combination therapy on LSC (Online Supplementary
Figure S7)."" Gene set enrichment analysis revealed that the
suppressed transcription factors in the combination treat-
ment group were linked to MAP kinase and retinoblas-
toma/E2F  (Rb/E2F) signaling (Figure 3D, Ounline
Supplementary Table S1-3). We also performed epigenome
wide asscociation studies by DNA methylation arrays and
compared them with the transcriptome obtained by RNA
sequencing (RNASeq) in IDH1 R132C cells isolated from
AML-PDX1 mice and treated in vitro with either DMSO,
500 nM azacitidine (day 1-4), 50 nM of BAY 1436032 (day
1-5), and sequential or simultaneous treatments with
BAY1436032 and azacitidine. Principal component analysis
showed that sequentially treated cells separated well from
simultaneously treated cells (Online Supplementary Figure
S8A-B). The simultaneous treatment induced strong syner-
gistic gene expression (S-value >0), while the gene expres-
sion was mostly antagonistic in the sequential treatment
group (S-value <0; Online Supplementary Figure S8C). The
simultaneous treatment overall led to increased methyla-
tion compared to sequential treatment (Ownline
Supplementary Figure S8D). Gene set enrichment analysis
revealed that the suppressed transcription factors in the
simultaneous treatment group were linked to MAP kinase
signaling (RAS/RAF), while transcription factors enriched in
single treatments were linked to Rb/E2F signaling (Online
Supplementary Figure S8E). In concordance with gene expres-
sion, an epigenome-wide association showed increased
methylation of transcription factors involved in MAP
kinase (RAS/RAF) signaling upon simultaneous treatment,
while it showed decreased methylation of gene sets
involved in RB/E2F signaling upon single agent treatment
(Online Supplementary Figure 8F). Gene expression analysis
by quantitative RT-PCR validated an additive suppression
of MAP kinase (ELK1, ETS1 and CCND1) and E2F signaling
(E2F1, CCNA2 and CCNE1) by the combination treatment,
which are involved in cell survival and proliferation.
Myeloid differentiation genes (PU.1, CEBPA and GABPA)
were upregulated by the combination of BAY1436032 and
azacitidine, which might be due to the higher proportion of
differentiated human CD45" cells and may not be a direct
effect of the drugs. (Figure 3E, Online Supplementary Figure

S9A-C). We further validated our findings at protein level in
HT1080, a fibrosarcoma cell line with an endogenous het-
erozygous IDH1 R132C mutation. The phosphorylation of
ERK1/2 and expression of its downstream target proteins
ELK1 and CYCLIN D1 was decreased in cells simultaneous-
ly treated with BAY 1436032 and azacitidine. Importantly,
the phosphorylation of retinoblastoma (pRB), which is nec-
essary for E2F mediated transcription of cell cycle transition
genes, was strongly decreased in cells treated with the com-
bination of BAY1436032 and azacitidine, while E2F1 pro-
tein levels were not affected (Figure 3F). We next evaluated
if targeting the MEK pathway or cyclin dependent kinases
alter the proliferation of IDHImut AML cells using using
the MEK1/2 inhibitor trametinib and the CDK4/6 inhibitor
abemaciclib. Trametinib 4-fold more potently inhibited
colony-forming potential in IDH1 mutant compared to
IDH1 wild-type patients (Figure 3G). Similarly, the CDK4/6
inhibitor abemaciclib inhibited the colony-forming poten-
tial 3-fold more potently in IDH1 mutant compared to
IDH1 wild-type patients (Figure 3F). This data suggests syn-
ergy between BAY1436032 and azacitidine in induction of
differentiation through transcriptional activation of
myeloid differentiation genes and inhibition of proliferation
and self-renewal through inhibition of MAP-kinase and
RB/E2F signaling.

Discussion

Here we provide preclinical evidence that the simultane-
ous combination of a mIDH1 inhibitor with a hypomethy-
lating agent significantly inhibits LSC in a synergistic man-
ner. While the phase I dose-escalation study of mIDH1
inhibitor ivosidenib has shown encouraging results, 79%
of IDH1 mutant AML patients who had a complete remis-
sion or complete remission with partial hematologic recov-
ery had detectable allele burden of mutant IDH1, suggest-
ing that the IDH1 mutant clone was not eradicated.”It was
shown previously that BAY1436032 has antileukemic
activity, induces differentiation and depletes LSC 100-fold
during a 4-week treatment."” However, BAY1436032 nei-
ther has anti-leukemic activity nor induces myeloid differ-
entiation in an IDH1 wild-type AML PDX model in vivo."
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Azacitidine also induces differentiation and reduces self-
renewal'™'* letting us hypothesize that the combination of
a mIDH1 inhibitor and azacitidine may act synergistically.
Our data suggest that the combination of BAY1436032 and
azacitidine has additive effects on differentiation, while it
synergistically reduces LSC by 33,150-fold.

It was shown previously that mutant IDH1 activates
MAPK/ERK  signaling in leukemia and glioma cells.””
Therefore, we expected that a mIDH1 inhibitor would be
able to reduce MAPK/ERK signaling. Data from pancreatic
cancer cells suggested that treatment with azacitidine also
inhibits MAPK/ERK signaling by promoter hypomethyla-
tion and induction of expression of DUSP6, which dephos-
phorylates members of the MAPK superfamily.'®"”
However, the effect of azacitidine on MAPK signaling in
leukemia patients is not known. We found that inhibition
of the MAP kinase pathway is not a direct consequence of
DNA hypomethylation of MAP kinase genes, but rather a
transcriptional or posttranscriptional effect on genes that
regulate the MAP kinase pathway.

We evaluated the consequences of MAPK/ERK inhibi-
tion and found that reduced phosphorylation of ERK1/2
leads to suppression of cyclin D1, which is then unavail-
able to bind CDK4. CDK4 in turn cannot phosphorylate
Rb and consequently phosphorylation of Rb is strongly
inhibited by the combined treatment of BAY1436032 and
azacitidine, providing a mechanistic basis for reduced pro-
liferation and self-renewal of AML cells (Figure 4).

m Nucle§

Figure 4. Model of the
combined activity of
BAY1436032 and azaci-
tidine on leukemia stem
cells. BAY1436032 and
azacitidine (AZA) as sin-
gle agents induce the
expression of genes
involved in myeloid differ-
entiation (PU.1, CEBPA,
and GABPA) and show
additive effects in combi-
nation. MAP kinase sig-
naling is synergistically
inhibited by the combina-
tion treatment mediated
by inhibition of ERK1/2
phosphorylation and
suppression of its down-
stream targets (ELK1,
ETS, CCND1).
Suppression of the RB
phosphorylation by the
combined treatment of
BAY1436032 and azaci-
tidine suggests synergis-
tic inhibition of the
cyclinD1/CDK4 complex.
Unphosphorylated
retinoblastoma binds to
E2F transcription factors
and prevents the G1to S
transition of the cell
cycle, thereby inhibiting
cell proliferation.
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Phosphorylation of Serine 795 of Rb is required for the dis-
sociation of E2F1 from Rb, so that it can bind to DNA and
induce transcription of genes involved in the G1 to S tran-
sition.” Similarly, the phosphorylation of Serine 807 and
811 is required to prime phosphorylation at other sites on
Rb.”E2F1 then remains bound to Rb and is unavailable for
cell cycle progression, leading to the observed strong
antileukemic effects.

NRAS mutations activate MAPK/ERK signaling and have
been associated with resistance to mIDH?2 inhibitor treat-
ment.””” Combination treatment with a mIDH1/2
inhibitor with azacitidine and inhibition of MAPK/ERK
signaling may indeed target a specific dependency in IDH
mutated leukemias and may reduce the risk of relapse.

Although IDH1/2 mutations increase DNA methylation
through the oncometabolite R-2HG,* IDH1/2 mutated
leukemias were not associated with better response to
azacitidine monotherapy in myelodysplastic syndrome
and AML patients.” We conclude that the synergistic
effect of BAY1436032 and azacitidine derives from specific
inhibition of MAPK/ERK and RB/E2F signaling. This is sup-
ported by the striking difference between sequential and
simultaneous treatment with BAY1436032 and azacitidine.
Simultaneous treatment during 5 days was 70-fold more
efficient in eliminating LSC than sequential treatment, sug-
gesting improved efficacy of the combination when both
drugs are present in the leukemic cell at the same time.
This strongly argues for the concurrent application of both



drugs in ongoing and future clinical trials. A phase I clinical
study combining the IDH1 inhibitor ivosidenib with azac-
itidine is ongoing and initial data showed promising
results.” It may be worth investigating the effect of pro-
longed administration of azacitidine at a lower dose or
with the oral formulation CC-486 concurrently with a
mIDH1/2-inhibitor to further enhance its efficacy in IDH
mutated AML patients.

In conclusion, the combination of BAY1436032 and
azacitidine shows a strong reduction of LSC by suppress-
ing cell proliferation, self renewal and by inducing differen-
tiation.
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