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Abstract Mutations in codon 132 of isocitrate dehydroge-
nase (IDH) 1 are frequent in diffuse glioma, acute myeloid
leukemia, chondrosarcoma and intrahepatic cholangiocar-
cinoma. These mutations result in a neomorphic enzyme
specificity which leads to a dramatic increase of intracellu-
lar p-2-hydroxyglutarate (2-HG) in tumor cells. Therefore,
mutant IDH1 protein is a highly attractive target for inhibi-
tory drugs. Here, we describe the development and prop-
erties of BAY 1436032, a pan-inhibitor of IDHI protein
with different codon 132 mutations. BAY 1436032 strongly
reduces 2-HG levels in cells carrying IDHI-R132H,
-R132C, -R132G, -R132S and -R132L mutations. Cells not
carrying /DH mutations were unaffected. BAY 1436032
did not exhibit toxicity in vitro or in vivo. The pharmacoki-
netic properties of BAY 1436032 allow for oral adminis-
tration. In two independent experiments, BAY 1436032
has been shown to significantly prolong survival of mice
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intracerebrally transplanted with human astrocytoma carry-
ing the IDH1R132H mutation. In conclusion, we developed
a pan-inhibitor targeting tumors with different IDHIR132
mutations.
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Introduction

Isocitrate dehydrogenase (IDH)-mutated glioma is a highly
attractive brain tumor for targeted treatment. The identifi-
cation of mutations in codon 132 of /DH]I in a small frac-
tion of glioblastomas [24] was followed by the detection of
these mutations in the majority of astrocytoma and oligo-
dendroglioma [2, 4, 13, 34, 36]. Approximately, 70-80%
of all diffuse astrocytomas and of all oligodendrogliomas
were shown to harbor such mutations in IDH]1. This came
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as a surprise because a metabolic enzyme decarboxylat-
ing isocitrate to a-ketoglutarate (¢KG) did not belong to
the group of prime suspects for a tumor-promoting gene.
Screening in related genes detected mutations in IDH2
in codons 140 and 172. IDH2 mutations are rare in brain
tumors not exceeding 5% of all IDH mutations in astrocy-
toma or oligodendroglioma [12]. However, in a few other
tumor entities harboring /DH mutations, the proportion of
IDH?2 mutations is much higher than in glioma. Roughly,
15% of patients with acute myeloid leukemia (AML)
have IDH mutations and more than half of these affect
IDH?2 [20, 25]. Chondrosarcomas harbor IDH mutations
in 50% of the cases, and among those approximately 10%
exhibited /DH2 mutations [1]. IDHI and IDH2 mutations
are restricted to few codons only. Most common in brain
tumors is the IDH1R132H mutation accounting for approx-
imately 90% of all IDH mutations. This mutation type is
much rarer in chondrosarcoma (~8%) and AML (~3%), in
which the IDH1R132C mutation is more prevalent.

The R132H mutation in IDH1 and the R172K mutation
in IDH2 affect the same position of the catalytic center of
both enzymes. Further, the R140 mutations in IDH2 like-
wise alter the configuration of this catalytic center of IDH2.
In addition, mutations in either IDHI or IDH?2 are always
heterozygous. This suggested a gain of function mediated
by these mutations. Indeed, mutant IDH1 and IDH2 pro-
teins attain a new specificity for aKG, reducing this metab-
olite to p-2-hydroxyglutarate (2-HG) thereby consuming
NADPH [8]. This neomorphic function is thought to be the
main trigger for cancer development in all tumor entities
with IDH mutations (Supp. Figure 1A).

The resulting very high intracellular levels of 2-HG inhibit
aKG-dependent dioxygenases, thereby affecting the meth-
ylation status of histones and the cellular DNA. This opens
the possibility for the development of specific inhibitors with
activity only for mutant, but not for wild-type IDH protein.

Another reason rendering specific IDH inhibitors attrac-
tive is the clonal distribution of the mutated protein. Analy-
ses on brain tumors with the IDHIR132H mutation-specific
antibody HO9 revealed that the mutant protein is virtually
present in every tumor cell [5]. Further, the expression of
mutant protein is observed throughout all tumor grades
from diffuse astrocytoma or oligodendroglioma of WHO
grades II to their anaplastic counterparts and even in glio-
blastomas, which have progressed from these lesions. This
suggests dependency of these tumors on the presence of
mutant IDH protein.

Consequently, inhibitors of mutant IDH1 and IDH2
protein have been developed in several settings and are in
clinical testing now. The clinical studies focus on patients
with IDH-mutated AML and on patients with IDH-mutated
astrocytoma or oligodendroglioma. The inhibitors devel-
oped so far have been shown to be effective in in vitro and
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in vivo studies in AML models. However, data on the effi-
cacy for brain tumors is sparse and inconsistent [19, 29,
31]. We have developed a novel drug, BAY 1436032, which
specifically inhibits the IDHI1 mutation mediated reduction
of aKG to 2-HG. Here, we provide details of the structure
of BAY 1436032 and demonstrate in vitro and in vivo the
efficacy of BAY 1436032 for IDH1R132 mutated glioma.

Materials and methods
Chemical reagents

If not stated otherwise, all chemical reagents were pur-
chased from Sigma-Aldrich, St. Louis, USA.

Statistical analysis

The survival analysis was performed with the log-rank test
and is shown as the Kaplan—Meier plot. The analysis was
performed with Sigma Plot 13.0 (Systat Software GmbH,
Erkrath, Germany) and counterchecked by a biostatistician.
All other statistical tests were performed as two-sided Stu-
dent ¢ tests in the corresponding software used to create the
graphic.

IDH1 mutant generation and cloning

IDHI mutants were generated using the site-directed
mutagenesis and validated as described before (Pusch et al.
Acta Neuropath Comm 2014). The pDONR221 clones
were used for all further LR reactions into the described
destination vectors. LR reactions were performed following
the manufacturer’s protocol (Invitrogen, Carlsbad, USA).

Protein production

IDHIRI132H enzyme: full-length human recombinant
IDHIR132H enzyme with a Strepll tag and expressed in
E. coli was obtained from BAYER Protein Technologies
(Bayer, Berlin, Laboratory Stegmann).

IDH1R132C enzyme: full-length human recombinant
IDH1R132C enzyme with a Strepll tag and expressed in
E. coli was obtained from BAYER Protein Technologies
(Bayer, Berlin, Laboratory Stegmann).

IDHIwt enzyme: full-length human recombinant
IDH1wt enzyme with a flag tag and expressed in Sf9 cells
was obtained from Biomol (BPS-71075, Biomol GmbH,
Hamburg, Germany).

IDH2wt enzyme: full-length human recombinant
IDH2wt enzyme with a His/Nus tag and expressed in E.
coli cells was obtained from BAYER Protein Technologies
(Bayer, Berlin, Laboratory Stegmann).
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Protein Data Bank (PDB) deposition

The coordinates and structure factors for the crystal struc-
ture of IDHIR132H in complex with compound-1 have
been deposited with the PDB. The PDB accession code is
SLGE.

Enzymatic assays

The inhibition of IDHIRI32H and IDHIR132C was
assessed in luminescent and fluorescent NADPH consump-
tion assays. Mutant IDH1 catalyzes the NADPH-dependent
reduction of aKG to 2-HG. NADPH consumption was
measured by fluorescent readout.

The biochemical reactions were performed at 32 °C in
384-well plates using the following assay buffer conditions:
50 mM Tris, pH 7.5, 100 mM NacCl, 20 mM MgCl,, 0.05%
BSA, 0.01% Brij, 20 uM NADPH and 250 pM aKG. The
IDH1R132H enzyme was used in a final concentration of
20 nM and the IDH1R132C enzyme in a final concentration
of 5 nM (fluorescent readout). The test compounds were
used in a concentration range between 0.002 and 10 pM.
The final DMSO concentration was 2.4%. The reaction was
incubated and measured in a fluorescent reader for 90 min
(Ex 340 nm/Em 465 nm). The decrease in fluorescence
is proportional to mIDHI activity. IC50 values are deter-
mined by interpolation from plots of relative fluorescence
versus inhibitor concentration.

The inhibition of wild-type IDH1 and IDH2 was
assessed in a fluorescent NADPH generation assay. Wild-
type IDH catalyzes the oxidative decarboxylation of isoci-
trate, producing aKG and CO, while converting NADP™ to
NADPH. The biochemical reactions were performed at
32 °C in 384-well plates using the following assay buffer
conditions: 50 mM Tris, pH 8.0, 100 mM NaCl, 5 mM
MgCl,, 0.05% BSA, 0.01% Brij, 20 uM NADP and 10 uM
isocitrate. The IDHIwt and IDH2wt enzyme were used in
a final concentration of 0.5 and 0.025 nM, respectively.
The test compounds were used in a concentration range
between 0.002 and 10 uM. The final DMSO concentration
was 2.4%. The reaction was incubated for 60 min. NADPH
generation is measured by fluorescent detection of NADPH
(Ex 340 nm/Em 465 nm). The increase in fluorescence is
proportional to IDH1/2wt activity. IC50 values are deter-
mined by interpolation from plots of relative fluorescence
vs inhibitor concentration.

Cell culture

The glioblastoma cell line LN229, human embryonic kid-
ney cell line HEK293 and sarcoma cell line HT1080 were
obtained from ATCC and cultured under standard cul-
ture conditions (37 °C, 5% CO,) in DMEM medium with

1% penicillin and streptomycin and 10% fetal calf serum
(all obtained from Gibco® Invitrogen, Carlsbad, USA).
HT1080 was cultured in MEM instead of DMEM. For the
generation of LN229 IDH1R132H overexpressing cells,
IDHIR132H in the destination vector pDEST26 (N-ter-
minal 6 x His tag) was used. LN229 cells were transfected
with IDHIR132H in pDEST26 vector by FuGene®HD
(Promega, MD, USA) followed by picking of single
cell clones. Single cell clones were selected with 2 mg/
ml gentamicin (Invitrogen, Carlsbad, USA). Clones that
survived selection were analyzed for their expression of
IDH1R132H by western blot. Clone H77 was chosen for
experiments, due to its high and stable expression level of
IDH1R132H. To generate HEK293 cell lines which express
IDH1wt and mutant proteins, we used cDNAs in pMXs-
GW-IRES-BsdR transfected with FuGene®HD (Promega,
Madison, USA). Cells were subsequently put under selec-
tion pressure by adding 4 pg/ml Blasticidin S. As control
we used GFP in pMXs-GW-IRES-BsdR.

HCT116/HD104-013, a human colon cancer cell line,
harbors an IDHIR132H heterozygous knock-in and was
obtained from Horizon Discoveries (Horizon, Waterbeach,
UK). HCT116 IDHI1R132H cells were maintained in
DMEM/F12 with 10% FCS.

NCHS551b, a primary patient-derived secondary glio-
blastoma cell line, features an endogenous IDHI1R132H
mutation and was obtained from the group of Prof. Chris-
tel Herold-Mende. Specifications to NCH551b and the pri-
mary tumor are given in the supplements and supplemen-
tary Fig. 2. NCH551b cells were maintained in DMEM/
F12 (2 mM GlutaMax) with 2% B27 supplement (Gibco®
Invitrogen, Carlsbad, USA), 4 ng/ml EGF (human recombi-
nant, PeproTech, Rocky Hill, USA), 4 ng/ml bFGF (human
recombinant, PeproTech, Rocky Hill, USA) and 1% Pen/
Strep antibiotic (Gibco® Invitrogen, Carlsbad, USA).

All cells were tested for Mycoplasma contamina-
tion (PCR-Mycoplama Test Kit II; #A8994, Applichem,
Darmstadt, Germany) and IDHI1R132H expression (with
IDHIR132H Antibody; #DIA-H09, DIANOVA Vertriebs-
Gesellschaft mbH, Hamburg, Germany) on a monthly
basis. Cell line authentication of NCH551b was done at
the Leibniz Institute DSMZ-German Collection of Micro-
organisms and Cell Cultures, one passage before the start
of the experiments. The origin of xenograft from the origi-
nal tumor was confirmed by analyzing the respective copy
number profiles (data not shown).

2-HG assay
The 2-HG assay has been described previously [3]. In brief,
the probe material was treated with a deproteinization kit

(Biovision, Mountain View, CA, USA). Supernatants were
then collected and stored at —20 °C. The total enzymatic
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reaction volume was 100 nl. Ten milliliters of assay solu-
tion was freshly prepared for each 96-well plate subjected to
2-HG assay. The assay solution contained 100 mM HEPES
pH 8.0, 100 uM NAD* (Applichem, Darmstadt, Germany),
0.1 wg HGDH, 5 pM resazurin (Applichem, Darmstadt,
Germany) and 0.01 U/ml diaphorase (0.01 U/ml; MP Bio-
medical, Irvine, USA). Immediately before use, 25 .l sam-
ple volume was added to 75 pl of assay solution and incu-
bated at room temperature for 30 min in black 96-well plates
(Thermo Fisher Scientific, Waltham, USA) in the dark. Fluo-
rometric detection was performed in triplicate with 25 pl
deproteinized sample being analyzed in each reaction with
excitation at 540 £ 10 nm and emission of 610 = 10 nm
(FLUOstar Omega, BMG Labtech, Offenburg, Germany).

In vitro IC50 determination

LN229 IDH1R132H, HT1080, HCT116 IDH1R132H and
NCHS551b cells were seeded in 96-well plate (Thermo
Fisher Scientific, Waltham, USA) at nearly 80% conflu-
ence. One day after seeding, cells received BAY 1436032
in a full dose-response curve starting with 10 uM concen-
tration in nine dilution steps (1:3 dilution each) in 0.1%
DMSO final concentration. Vehicle control was 0.1%
DMSO in complete medium. After 24 h cells and medium
were collected for 2-HG extraction.

Cell viability assay

NCHS551b patient-derived glioma cell lines were seeded with
4000 cells/well in 96-well plates for suspension cells (Saer-
stedt AG, Niimbrecht, Germany). For each condition, three
wells were used. The cells were treated 1 day after seeding
with BAY 1436032 at concentrations of 500 nM and 2.5 uM
and DMSO as solvent control. Subsequently, measurements
were performed on days 7, 14 and 21 after the first inhibitor
treatment. The cells received fresh drug-containing medium
after the first 7 and 14 days of treatment. Plates were meas-
ured with a microplate reader (FLUOstar Omega, BMG
Labtech, Offenburg, Germany) at the indicated time points
with CTG3D as described in the manufacturer’s protocol.

Sphere treatment and embedding

Treatment experiments for sphere embedding were per-
formed in suspension culture six-well plates (Saerstedt AG,
Niimbrecht, Germany) with 150,000 cells/well. Cells were
harvested and embedded 7, 14 and 21 days after inhibitor
treatment. The cells received fresh drug-containing medium
after 7 and 14 days of treatment. For analysis, the cells
were centrifuged at 50g for 5 min. The supernatant was
used for 2-HG detection. The cells were then washed with
PBS once, centrifuged again and subsequently fixed in 4%
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buffered formalin (54 mM NaH,PO,, 28 mM Na,HPO,) for
2 h at room temperature. The fixed spheres were embed-
ded in 1.5% low gelling agarose gel. The agarose block was
subsequently dehydrated and embedded into paraffin with
the HistoStar™ Embedding Workstation (Thermo Fisher
Scientific, Waltham, USA).

Animal experiments

Animal work for the orthotropic brain tumor model was
approved by the governmental authorities (Regierungsprae-
sidium Karlsruhe, Germany) and supervised by institu-
tional animal protection officials in accordance with the US
National Institutes of Health guidelines Guide for the Care
and Use of Laboratory Animals.

Orthotropic brain tumor model

A total of 2 x 10° NCH551b cells were stereotactically
implanted into the brains of 28 (DKFZ) or 36 (Bayer
HealthCare) female 7- to 9-week-old BALB/c nude mice
(CAnN.Cg-Foxnlnu/Crl; Charles River Laboratories,
Wilmington, MA, USA). The implantation was performed
2 mm right of the sagittal suture and 3 mm rostral of the
occipital suture in a depth of 3.5 mm. The cells were
injected in PBS with a concentration of 1 x 10° cells/ul
at a flow rate of 1 pl/min. The cells were allowed to settle
for 1 min, before the syringe was removed. BAY 1436032
was dissolved in an ethanol:Kolliphor® HS:water (1:4:5)
mixture at a concentration of 15 mg/ml (ethanol abso-
lute from Merck KGaA; #1.00983.2511, Kolliph0r® HS
from BASF, # 50259817; water, aqua ad iniectabilia from
B.Braun, #2351744) by stirring and sonification. The pH
was adjusted to pH 8.0 with NaOH solution. The treatment
started 7 days after implantation dependent on the actual
body weight of the mice. The BAY 1436032 solution was
administered via gavage. The health status of each mouse
was checked daily for abortion criteria. The abortion cri-
teria were the loss of 20% body weight, ataxia, apathy or
paralysis. Mice fulfilling any one of these criteria were
euthanized directly.

Brain preparation

The brains of the euthanized mice were extracted and
fixed in 4% buffered formalin solution (54 mM NaH,PO,,
28 mM Na,HPO,) at 4 °C overnight. Subsequently, brains
were cut into 2 mm slices, dehydrated and embedded
in paraffin with a HistoStar™ Embedding Workstation
(Thermo Fisher Scientific, Waltham, USA).

Specimen for 2-HG determination was cryopreserved
by placing in liquid nitrogen and subsequently stored at
—80 °C.
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Immunohistochemistry

Sections from FFPE blocks were cut into 4 um with a
Microm HM 355 S microtome (Thermo Fisher Scientific,
Waltham, USA), dried at 80 °C for 15 min and stained with
the corresponding antibody following the Ventana staining
procedure (Ventana Medical Systems, Tucson, USA). This
included rehydration, which was performed by washing
in xylol twice for 5 min, followed by washing in an etha-
nol dilution row, twice 100% ethanol, once 90% ethanol,
once 70% ethanol and finally one washing step in pure
water, each for 2 min. Pretreatment with cell conditioner 1
(pH 8) for 30 min at 100 °C, followed by incubation with
antibody at 4 °C overnight. Antibody incubation was fol-
lowed by standard signal amplification including the Ven-
tana amplifier kit, ultraWash, counterstaining with one drop
of hematoxylin for 4 min and one drop of bluing reagent
for 4 min. For chromogenic detection, ultraView Univer-
sal DAB detection kit (Ventana Medical Systems, Tucson,
USA) was used. Subsequently, slides were washed in water
with a drop of dishwashing detergent and mounted with
DEPEX (VWR International, Radnor, PA, USA). In the
case of the IDHIR132H-specific antibody, we in addition
used the Histofine® MOUSESTAIN KIT (Nichirei Corpo-
ration, Chuo, Japan) following the manufacturer’s protocol.
The antibodies were used as follows: IDHIR132H (1:50;
#DIA-HO09, DIANOVA Vertriebs-Gesellschaft mbH, Ham-
burg, Germany), SOX2 (1:1000; #Ab97959, Abcam, Cam-
bridge, UK), S100 (1:500; #20311, Dako, Agilent Tech-
nologies, Glostrup, Denmark) and GFAP (1:500; #720334,
Dako, Agilent Technologies, Glostrup, Denmark).

Results
Screening for specific IDH1R132H inhibitors

We developed a biochemical assay for the detection of
mutant IDH activity. This assay detects residual NADPH
by a luminescent readout assay following a defined incu-
bation period (Supp. Figure la). Although IDH muta-
tions are heterozygous, our assay employed homodimeric
mutant enzyme to select against substances interfering with
enzyme dimerization.

A library containing more than 3 million compounds
was screened using DMSO as negative control and the reac-
tion without aKG as positive control (Supp. Figure 1b). We
validated hits from a first round in a secondary screen and
further tested the positive hits from this screen against wild-
type IDH1 protein. Our criteria for the final hit list were
IC50 concentrations lower than 20 uM for IDHIR132H
protein and a 20-fold higher IC50 for wild-type IDHI,
or IC50 concentration lower than 1 uM for IDHIR132H

protein and a 10-fold higher IC50 for wild-type IDHI.
Applying these criteria, we identified 377 compounds with
potential for specifically inhibiting IDHR132H mutant pro-
tein (Supp. Figure 1c).

Development of inhibitors of mutant IDH1

The hit list contained 377 compounds with inhibitory
effect on IDHIR132H mutant protein. These were pri-
oritized based on their structure and organized into 51
chemically distinct clusters. Based on previous experi-
ence, we selected four clusters with an IC50 ranging from
0.6 to 17.1 uM for further evaluation and processing. This
included chemical modifications of the core structures and
substituents and retesting of the modified compounds for
their ability to inhibit IDHIR132H and wild-type IDH1
protein function. This approach led to a potent lead com-
pound (Fig. 1a), which, upon a full lead optimization pro-
gram, resulted in BAY 1436032 (Fig. 1a). BAY 1436032
exhibits an IC50 of 15 nM for mutant IDHIR132H pro-
tein and virtually no effect on wild-type IDHI and the
structurally related IDH2 proteins with IC50 of 20 and
>100 uM, respectively. Testing of BAY 1436032 for its
ability to inhibit recombinant IDH1R132C mutant protein
revealed an identical inhibitory effect (IC50 of 15 nM)
(Fig. 1b). This came as a surprise because the testing assay
was devised for the IDHIR132H mutation. The inhibi-
tion due to BAY 1436032 is of competitive nature and can
be released by titrating o KG into the reaction (Fig. 1c).
Although we were not able to co-crystallize BAY 1436032
with mutant IDH1 protein, we managed to co-crystallize
an IDHIR132H homodimer with the chemically related
compound-1 from the lead optimization program (Fig. 1a).
The crystal structure (Fig. 1d—f; Supp. Table 1) shows
that compound-1 does not bind in the active site, but in
an allosteric pocket located between the two IDHIR132H
molecules of the homodimeric IDHIR132H complex. The
benzimidazole scaffold and the aniline nitrogen form two
hydrogen bonds to Ser280, while the carboxyl group inter-
acts via a salt bridge with His132 from the R132H muta-
tion (Fig. 1f). The isopropylphenyl and cyclohexyl groups
insert into hydrophobic subpockets within the binding cav-
ity, which is almost completely buried and shielded from
the solvent. Based on this structure, it is possible to con-
clude that this inhibitor series acts via an allosteric mecha-
nism of inhibition. In a next step we tested BAY 1436032
for off-target effects on kinases, «KG-dependent enzymes
or other vital targets such as hERG. We did not detect any
relevant off-target effects, except for angiotensin 2 (AT2)
which was inhibited with an IC50 of 4.2 uM (Supp. Fig-
ure 3a). Thus, we developed a highly specific and potent
inhibitor for IDH1 proteins carrying R132H or R132C
mutations.
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«Fig. 1 BAY 1436032 properties. a Chemical structure of lead can-
didate, co-crystallized compound-1 and BAY 1436032. b Biochemi-
cal IC50 determination on wild-type IDH1/2 and the mutant proteins
IDHIR132H and IDHIR132C (mean + SD, n = 3). ¢ Inhibition of
IDHI1R132H by BAY 1436032 is competitive to «KG (mean £ SD,
n = 3). d—f Crystal structure of IDHIR132H in complex with com-
pound-1. d One of the two IDHIR132H dimers in the asymmetric
unit, shown in ribbon representation (chain A in orange, chain B in
blue). The two NADP molecules and compound-1 are depicted in
stick representation (green and yellow carbon atoms, respectively).
e 2Fo-Fc electron density map for compound-1 contoured at 1.0c. f
View of the allosteric binding site between the two monomers. Polar
contacts are indicated by dotted lines

Effects of BAY 1436032 on 2-HG production
in recombinant and primary human tumor cells

The efficacy of BAY 1436032 for its inhibitory effect on
2-HG production was tested in different recombinant
human cell lines. First, we used HEK293T cells ectopi-
cally expressing different naturally occurring IDH1 and
IDH2 mutant proteins (IDH1 R132H, RI132C, RI132G,
R132S, R132L and R100Q and IDH2 R172K, R172W and
R172M). Again, to our surprise, BAY 1436032 not only
reduced 2-HG levels in cells with the IDHIR132H or the
IDH1R132C mutations, but also in those with the R132G,
R132S or R132L mutations with equal efficiency. The
inhibitory effect on IDH1 R100Q and IDH2 R172K and
R172W were marginal, only around 20%. There was no
inhibition of IDH2 R172M (Fig. 2b). Thus, BAY 1436032
exhibited a pan R132-specific inhibition for the five most
frequent mutant IDH1 proteins. Next, we used cell lines
harboring IDHI mutations in a more physiological set-
ting. IDHIR132H was ectopically overexpressed in the
human glioma cell line LN229. In addition, we employed
the human colon cell line HCT116/HD104-013 carry-
ing a heterozygous knock-in IDH1R132H mutation. BAY
1436032 exhibited an IC50 of 73 nM and 47 nM in LN229
and HCT116/HD104-013, respectively (Fig. 2a, detailed
graphs in Supp. Figure 4). We also employed the sarcoma
cell line HT1080 carrying a native IDH1R132C mutation,
producing high intracellular levels of 2-HG. The IC50 of
BAY 1436032 in this cell line was 135 nM (Fig. 2a).

Finally, we determined the IC50 of BAY 1436032 in a
primary culture from an IDHI1RI132H mutant secondary
glioblastoma, named NCHS551b. This culture is a slowly
growing neurosphere culture with comparably low intra-
cellular 2-HG concentrations. We were able to determine
an IC50 of 13 nM in NCH551b (Fig. 2a). In conclusion,
the pan-IDH1R132 inhibitor BAY 1436032 reduces 2-HG
production effectively in engineered and endogenously
mutated cells.

BAY 1436032 reduces proliferation and induces
differentiation in primary glioma cultures

With a potent inhibitor at hand, we wanted to test if a
reduction of 2-HG induces changes in /DHI mutant cells.
While 2-HG reduction can be detected within hours of inhi-
bition, its effect on cell biology is expected to lag behind.
No reduction of cell viability could be detected at days 7
and 14. A significant reduction (p = 0.012) of viable cells
was first observed after 21 days of incubation with 2.5 pM
BAY 1436032, but not with 500 nM (Fig. 2c). However,
both concentrations are sufficient to reduce 2-HG levels
below 10% of the normal concentration (Supp. Figure 4d).
To test for a potential role in differentiation, we assessed
the neural stem cell marker SRY-box 2 (SOX2) and the
astrocytic differentiation marker glial fibrillary acidic pro-
tein (GFAP) with RT-PCR and immunohistochemistry.
SOX2 mRNA levels were significantly reduced (0.2 uM
p = 0.0068 and 1 uM p = 0.00052) after 2 weeks with
both treatment conditions (Fig. 2d), but only a concentra-
tion of 1 uM of BAY 1436032 reduced SOX2 expression by
50%. To further confirm this finding, we treated NCH551b
neurospheres with 500 nM BAY 1436032 for 3 weeks fol-
lowed by formalin fixation, paraffin embedding and immu-
nohistochemistry. Control neurospheres treated with sol-
vent only (Fig. 3a) exhibited higher SOX2 levels than BAY
1436032-treated neurospheres (Fig. 3b). The mRNA levels
of the differentiation marker GFAP increased by a factor of
10 and more (0.2 uM p = 0.0066 and 1 uM p = 0.0088)
in treated cells independent of the concentration of BAY
1436032 used (Fig. 2e). However, the differences regard-
ing GFAP expression detected by immunohistochemistry
were minute. Control neurospheres treated with solvent
only showed very weak GFAP staining with single positive
cells (Fig. 3c), whereas treated neurospheres exhibited only
slightly stronger GFAP staining with a moderate increase
in the number of strong positive cells (Fig. 3d). Thus, the
results of both methods pointed toward a differentiation
of the treated cells by reduced SOX2 as well as increased
GFAP levels. The next step was to assess the additional
differentiation markers by immunohistochemistry and to
analyze whether BAY 1436032 treatment changes mutant
protein expression. BAY 1436032 did not affect protein
abundance of the astrocytic differentiation marker solute
carrier family 1 member 3 (GLAST), of the oligodendro-
glial differentiation markers myelin basic protein (MBP),
oligodendrocyte lineage transcription factor 2 (OLIG2) and
Oligodendrocyte Marker O4. For the neuronal lineage dif-
ferentiation, we tested beta-III-tubulin (TUBB3), neuronal
nuclei (NeuN), microtubule-associated protein 2 (MAP2)
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Fig.2 BAY 1436032 is a pan-R132 inhibitor that reduces prolifera-
tion and induces differentiation. a In vitro IC50 of BAY 1436032 on
engineered and endogenous cell lines determined by intracellular
2-HG measurement. b Relative 2-HG levels of untreated and treated
HEK?293 cells expressing different IDH1 and IDH2 mutations com-
pared to the solvent control DMSO (mean £ SD, n = 3). ¢ Relative
cell viability of NCH551b cells treated for 21 days with 500 nM and
2.5 uM BAY 1436032 compared to solvent control DMSO-treated
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cells (mean + SD, n = 3). d qRT-PCR results of SOX2 expression
normalized on housekeeping gene and compared to DMSO con-
trol after 14 days of treatment with 0.2 and 1 uM BAY 1436032
(mean = SD, n = 3). e qRT-PCR results of GFAP expression nor-
malized on housekeeping gene and compared to DMSO control after
14 days of treatment with 0.2 and 1 uM BAY 1436032 (mean =+ SD,
n = 3). *p < 0.05; **p < 0.01
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Fig.3 BAY 1436032 induces differentiation in NCH551b spheres.
Images are representative of the findings in triplicate experiments
from day 21 after treatment initiation. a, b SOX2 immunohistochem-
istry of spheres treated with solvent control (DMSO) (a) or 500 nM
BAY 1436032 (b). ¢, d GFAP immunohistochemistry of spheres

treated with solvent control (DMSO) (¢) or 500 nM BAY 1436032
(d). e, f S100 immunohistochemistry of spheres treated with solvent
control (DMSO) (e) or 500 nM BAY 1436032 (f). g, h IDHIR132H
immunohistochemistry of spheres treated with solvent control
(DMSO) (g) or 500 nM BAY 1436032 (h). Scale bar 100 um
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«Fig. 4 In vivo efficacy of BAY 1436032 and intracranial xenograft
mouse studies with BAY 1436032 treatment. a 2-HG levels in sub-
cutaneous LN229 IDH1R132H tumors 15 h after application of dif-
ferent doses of BAY 1436032 (mean &+ SD, n = 3). b 2-HG levels
in subcutaneous HT1080 tumors 15 h after application of different
doses of BAY 1436032 (mean + SD, n = 3). ¢ Unbound concentra-
tion—time profiles in plasma of BAY 1436032 after oral administra-
tion of 15, 45, 75 and 150 mg/kg (mean + SD, n = 3). Dashed line
marks the IC50 concentration of HT1080 cells in vitro. d Diagram of
study design. Numbers in the boxes depict the number of animals per
group. e T2 volume increment of NCH551b tumors over time in mm®
measured in the DKFZ study. Treatment groups are vehicle (red) and
150 mg BAY 1436032/kg (green) (mean £ SD, n = 6 if not other-
wise depicted in the graph). f 2-HG content of xenograft tumors at the
time of death in pmol/ug total protein (gray box give upper and lower
quartile, the median is depicted as line within this box, whiskers show
the full range of data points. n = 6 for vehicle control and n = 14
for BAY 1436032 group). g Kaplan—Meier survival analysis of DKFZ
mouse study. Treatment once daily with 150 mg BAY 1436032/kg
body weight (green) or vehicle (red). Statistical significance deter-
mined with log-rank test. h Kaplan—-Meier survival analysis of Bayer
HealthCare mouse study. Treatment twice daily with 37.5 (blue) or
75 mg (green) BAY 1436032/kg body weight or vehicle (red). Sta-
tistical significance determined with log-rank test. ns not significant,
*p <0.05, ¥*p < 0.01, ***p < 0.005 and ****p < 0.001

and synaptophysin (SYP). These markers also did not show
any alteration in staining intensity upon treatment. Next,
we tested additional neural stem cell markers. Vimentin
was not affected by BAY 1436032. However, S100 calcium
binding protein B (S100B), as a marker for differentiation
into a more glial precursor [28], is strongly induced upon
treatment (Fig. 3e, f). BAY 1436032 did not affect protein
abundance of IDHIR132H (Fig. 3g, h). Immunohisto-
chemical assessment was performed on days 7, 14 and 21
after initiating inhibitor treatment. No evident changes of
expression were seen at day 7, but only a weak increase of
differentiation markers at day 14 and considerable shift of
expression on day 21. The data shown correspond to the
expression on day 21 (Fig. 3). In summary, BAY 1436032
reduces proliferation and induces cell differentiation in pri-
mary glioma cultures, without altering the expression of
mutant IDH1R132H protein.

Pharmacokinetic profile of BAY 1436032 and its effect
in vivo

BAY 1436032 revealed low metabolic clearance (CL)
in vitro in rat hepatocytes and mice liver microsomes. Its
permeability in Caco-2 cells was moderate and in vivo
pharmacokinetics (PK) in rats showed low CL and high
oral bioavailability (Supp. Figure 3d). We could not deter-
mine a maximum tolerated dose (MTD), due to the limited
solubility of BAY 1436032 and the absence of toxicity at
the highest dose applicable. The encouraging in vitro phar-
macological data and the pharmacological profile prompted
us to perform experiments in a xenograft animal model.

BalbC nude mice with subcutaneously transplanted tumors
received a single dose of 15-150 mg/kg BAY 1436032 by
gavage. Both, mice with tumors consisting of LN229 cells
with ectopic IDHIR132H expression (Fig. 4a) and mice
with tumors consisting of HT1080 cells carrying a native
IDH1R132C mutation (Fig. 4b), responded 15 h after treat-
ment with decreasing 2-HG levels. In both tumor types, a
dose of 15 mg/kg reduced the 2-HG levels by half and the
highest tested dose of 150 mg/kg reduced the 2-HG lev-
els below 10% compared to the vehicle controls. To test
whether BAY 1436032 is also suitable for brain tumor
treatment, we tested brain barrier penetration of the drug
in mouse. The maximal intraparenchymal BAY 1436032
concentration amounted to 38% of that in plasma levels.
(Supp. Figure 3c). The pharmacokinetic profile (Fig. 4c)
suggested that we could work with a single daily dose of
150 mg/kg BAY 1436032. This dose was high enough to
ensure unbound plasma levels of BAY 1436032 above the
IC50 concentration needed for HT'1080 cells, the cells with
the highest IC50 of all cells tested in vitro.

BAY 1436032 treatment of intracranial glioma
xenografts confers a survival benefit

28 BalbC nude mice were transplanted with human astro-
cytoma NCHS551b line carrying a native IDHIR132H
mutation. Cell culture under stem cell conditions and rig-
orous testing ensured the presence of viable cells carrying
the mutation. A series of 14 mice received a daily dose of
150 mg/kg BAY 1436032 (group 1) beginning 7 days after
intracranial transplantation of 2 x 103 NCH551b cells.
The remaining 14 transplanted mice received vehicle only
(group 2) and served as a control (Fig. 4d). Tumor growth
of an experimental series at DKFZ was monitored by mag-
netic resonance imaging (MRI) in six mice of each group
on days 28, 42, 56 and 70. On day 84, we could only per-
form measurements on the four animals remaining alive in
the control group. On day 98, only two animals of the con-
trol group and three of the treatment group were alive for
measurements. On day 112 of the study, only three animals
of the treatment group were alive. MRI analysis did not
show a significant difference between substance and vehi-
cle-treated groups; there was only a trend for smaller tumor
volume in the treated group (Fig. 4e). To test whether BAY
1436032 penetrated the blood brain barrier in sufficient
amounts to suppress 2-HG production, we determined the
2-HG concentration in the tumor tissue. The 2-HG con-
centration in the treated xenografts was significantly lower
(»p = 0.00000057) compared to the untreated controls
(Fig. 4f). In addition, survival in the BAY 1436032-treated
group was significantly (p = 0.025) enhanced (Fig. 4g). We
could confirm these findings in a second and independent
experimental series conducted at the Bayer Lab. This time
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37.5 and 75 mg/kg BAY 1436032 was administered twice
daily to 12 animals each while the remaining 12 received
vehicle and served as controls. The treatment with a total
daily dose of 75 mg/kg failed to show a survival benefit;
however, animals treated with a daily total dose of 150 mg/
kg BAY 1436032 survived significantly (p = 0.035) longer
than controls (Fig. 4h). MRI data on this series have not
been generated. Thus, oral administration of BAY 1436032
conferred a survival benefit to mice transplanted with IDH
mutant tumors.

BAY 1436032 induces differentiation in intracranial
xenografts

Next, we examined the effect of BAY 1436032 on the
xenografts. We found nuclear SOX2 expression in the
tumors of vehicle-treated animals (Fig. 5a), whereas
SOX2 expression was reduced by half in tumors of BAY
1436032-treated mice (Fig. 5b). This observation matches
the in vitro data. There was no obvious difference in the
expression of GFAP in tumors of vehicle- and substance-
treated mice in staining intensity or number of stained cells
(Fig. 5c, d), but there was a trend toward a more fibrillary
phenotype of the GFAP-positive cells in the treated tumors
(Fig. 5d). However, the strong induction of S100B, which
we could detect in vitro (Fig. 3e, f), cannot be seen in vivo
(Fig. 5e, f). The expression of mutant IDH protein assessed
by the antibody HO9 was not altered by treatment (Fig. 5g,
h). This result also recapitulates the in vitro observations.

IDH mutant gliomas are characterized by a hypermeth-
ylation phenotype (G-CIMP [22]). To test whether treat-
ment with BAY 1436032 alters G-CIMP, tissue from five
treated tumors and six control tumors was subjected to
analysis with the human 450K bead array chip (Illumina,
San Diego, CA, USA). Unexpectedly, BAY 1436032 had
no such effect on DNA methylation and, therefore, treated
and control tumors did not form treatment-related cluster
groups (Supp. Figure 5a). Detailed analysis revealed nei-
ther significant differences in overall genomic (Supp. Fig-
ure 5b) or promoter methylation (Supp. Figure 5c) nor on
the promoter methylation of SOX2 (Supp. Figure 5d) or
GFAP (Supp. Figure 5e).

Discussion

Several IDH inhibitors have been presented since the first
report in 2012 [26]. The initial work focused on the poten-
tial of inhibitors to reduce 2-HG levels in recombinant cell
lines [9, 26] followed by its effect on cells with endogenous
mutations in glioma [29] and chondrosarcoma cells [18,
30]. This was followed by the observation that the inhibi-
tors induce differentiation in AML [33]. So far, only two
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datasets on the effect of IDH inhibitors on intracranial xen-
ografts have been published [19, 31]. One of these studies
detected inhibitor-induced differentiation [19], while the
other reported no effect of treatment [31]. Nevertheless,
several IDH inhibitors are currently under investigation in
clinical studies including the drugs AG-221, AG-120 and
AG-881 from Agios Pharmaceuticals and IDH305 from
Novartis. However, data on the effect of these substances in
animals and human patients have not been disclosed so far.
We have developed a novel pan IDH1 inhibitor which pro-
longs survival of mice with human IDHI-mutated glioma
xenografts.

The lead substance resulting in BAY 1436032 (Fig. 1a)
did not exhibit structural similarities to IDH inhibitors
previously reported. Although the allosteric inhibition is
a common issue of IDH1R132 inhibitors [10, 23, 35, 37],
BAY 1436032 shows a different interaction with the mutant
IDHI1 protein. It is the only one that directly interacts with
the mutant residue His132. IC50 of BAY 1436032 was very
similar for the five most frequent IDH1 mutations averag-
ing 15 nM (Fig. 2b). The solubility in water was restricted
(Supp. Figure 3b); however it could be overcome by adding
10% ethanol to the solvent solution. Full pharmacokinetic
profiles have not yet been published for other inhibitors and
a comparison of the available data is problematic due to
different animal species and drug dosages. We could dem-
onstrate the permeability of the murine blood—brain barrier
for BAY 1436032 (Supp. Figure 3c) and show that it is a
pan-IDHIR132 mutant inhibitor (Fig. 2b). This has also
been stated for AG-881, which in addition also appears to
be an inhibitor for mutated IDH2 protein. However, BAY
1436032 exerted only very weak to no inhibition (Fig. 2b)
on IDH2R172K and IDH2R172W. We did not test IDH2
R140 mutations, because these appear not to play a role in
gliomas, but the efficacy of BAY 1436032 on these muta-
tions is shown in the accompanying paper of Chaturvedi
and Herbst et al. [6].

As expected, BAY 1436032 induced differentiation in
glioma cells cultured in vitro. The astrocytic marker GFAP
was upregulated upon treatment. This matched previous
observations on inhibitor-treated cultures. On the other
hand, we did not see the also reported effect on the neu-
ral stem cell marker nestin [29]. This discrepancy might be
due to differing culture conditions. We employed a sphere
culture model, whereas adherent cells grown in 1% FCS
and 1 pM retinoic acid served as the basis for the previ-
ous report. Spheres are known to more closely resemble
the pheno- and genotype of the originating tumor [17]
and favor a more neural stem cell-like status, thereby pos-
sibly impairing differentiation capacity [7, 16]. Neverthe-
less, upon treatment we could demonstrate a reduction of
the stem cell characteristics in our cultures by a decrease
in SOX2 expression. We could validate the changes by
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Fig.5 BAY 1436032 induces differentiation in xenograft tumors.
Images are representative for the findings in the respective treat-
ment groups. a, ¢, e, g From a tumor of a vehicle control animal
(overall survival 91 days, DKFZ series). b, d, f, h From a tumor of a
BAY 1436032-treated animal (overall survival 93 days, DKFZ series).
a, b SOX2 immunohistochemistry of tumors treated with vehicle con-

trol (DMSO) (a) or 500 nM BAY 1436032 (b). ¢, d GFAP immuno-
histochemistry of tumors treated with vehicle control (DMSO) (c¢) or
500 nM BAY 1436032 (d). e, f S100 immunohistochemistry of tumors
treated with vehicle control (DMSO) (e) or 500 nM BAY 1436032 (f).
g, h IDHIR132H immunohistochemistry of tumors treated with vehi-
cle control (DMSO) (g) or 500 nM BAY 1436032 (h). Scale bar 50 ym
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immunohistochemistry on cultured spheres, although the
effects are not as pronounced as on mRNA level. In addi-
tion, we could also show an increase of S100B abundance,
which is a marker for differentiation from a neural stem
cell into a more glial precursor [28]. Usually, glial develop-
mental markers [21] are also expressed in glioma cells [11].
However, expression may vary dependent on localization
and may be influenced by adjacent cells and environmental
conditions such as hypoxia. In addition, the cells of origin
in glioma development are still an issue of ongoing debate
[11, 14, 16]. Another hallmark of IDH mutant cells is his-
tone methylation, especially the accumulation of trimeth-
ylation. Although we know that BAY 1436032 is capable
of changing histone methylation (Supp. Figure 6), we could
not detect such changes in our sphere culture. Previous
work has produced conflicting results. IDH inhibitor effects
on methylation of histones range from no changes in intrac-
ranial transplants [31] to moderate changes in subcutane-
ous tumors [29] to strong changes of AQP4 and GFAP
promoter-associated histones in differentiated adherent cul-
tures [29].

Our in vivo pharmacokinetic experiments showed that
BAY 1436032 can be administered orally. We performed
two independent treatment trials on murine orthotropic
xenotransplant models in different institutions. In both
series, mice receiving the inhibitor survived significantly
longer than untreated controls. While we could see a
slightly slower tumor growth on MRI scans, the difference
between treated and control animals was not significant
(Fig. 4e). The time to death was much longer in the set of
animals receiving 2 x 75 mg/kg substance than in the set
of animals receiving 1 x 150 mg/kg substance per day. We
attribute this difference to different husbandry conditions
in the respective animal facilities rather than to the differ-
ent dose scheme of drug administration or implantation
procedure of the cells. Differentiation upon treatment was
less pronounced in xenotransplants than in sphere cultures
(Figs. 3, 5). However, it still may be a major cause for pro-
longed survival.

To test whether differentiation was an effect of epige-
netic reprogramming, we examined DNA from treated and
untreated xenotransplants by Infinium Human Methyla-
tion450 BeadChip array. There was neither a significant dif-
ference in global methylation nor in promoter methylation
of GFAP and SOX2 (Supp. Figure 5). Our findings match
previous data from subcutaneous xenotransplants [29] and
intracranial xenotransplants [31] treated with AGI-5198.

So far, reports on inhibitor-based treatment of IDH
mutant tumors have forwarded quite inconsistent data.
No effect of treatment in other works [31] contrasts
with the very encouraging drug-induced effects in our
work [19, 29]. Much of these contradictory findings are
likely to result from the very different models used. For
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example, a primary human glioma culture responding
with increased proliferation upon IDH inhibitor treatment
was derived from a secondary GBM with PNET features
which also has NMYC amplification [32], the latter prob-
ably sufficient to render independency from the driver
IDH] mutation. This cell line does have some resemblance
to our NCH551b with IDH mutation and low level MYC
amplification. However NCHS551b also contains a CDK4
amplification and is ATRX mutated, which is typical for
diffuse astrocytoma. Thus, the different responses to dif-
ferent inhibitors in different experimental conditions are
not surprising. Interestingly, we experienced a prolifera-
tive effect with compounds in early development not yet as
potent as the clinical compound. This may suggest that a
subtle reduction of 2-HG by drugs with reduced efficiency
may be beneficiary to IDH-mutated cells [27]. Rohle et al.
used cells derived from anaplastic oligodendroglioma
[29]. These cells were maintained with FCS and retinoic
acid representing strong differentiation stimuli. This may
explain the difference with our study with respect to nes-
tin expression. A recently presented study is also based on
cells derived from IDH-mutated GBM [19]. In that sub-
cutaneous xenograft, GFAP turned out to be the strongest
upregulated gene upon treatment with the Daiichi-Sankyo
IDH1 m inhibitor. Interestingly, the same cells intracrani-
ally implanted expressed GFAP also in untreated condi-
tion, supporting the environmental effect on differentia-
tion of cultured glioma. Although culturing tumor cells in
spheres tends to conserve the native expression profile
[17], they are not unaffected by this method [15]. Thus,
current data on IDH inhibitors is inconclusive regarding
the effect of mutant IDH inhibition in glioma on tumor
growth.

In this study, we describe the development of a highly
specific and first potent pan-inhibitor of all IDHIR132
mutations (BAY 1436032). The favorable pharmacological
and pharmacokinetic properties of this inhibitor enabled us
to perform in vitro and in vivo experiments, in which we
can show that this inhibitor is capable of reducing 2-HG
levels in engineered and endogenous cell lines in vitro and
in vivo. This reduction then leads to changes of neural dif-
ferentiation markers and results in reduced cell number in a
primary culture of a secondary glioblastoma. In this model
we can show by two independent studies that administer-
ing BAY 1436032 is linked to a significant survival ben-
efit. This could also been shown for the treatment of AML
xenograft models with BAY 1436032 [6]. Based on the
present work on BAY 1436032, a clinical phase 1 trial
(NCTO02746081) enrolling solid tumors with IDHIR132
mutations has been initiated.
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