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Abstract

Glioma are clinically challenging tumors due to their location and invasiveness nature, which often hinder complete sur-
gical resection. The evaluation of the isocitrate dehydrogenase mutation status has become crucial for effective patient
stratification. Through a transdisciplinary approach, we have developed an '®F-labeled ligand for non-invasive assess-
ment of the IDHIR132H variant by using positron emission tomography (PET) imaging. In this study, we have success-
fully prepared diastereomerically pure ['*F]AG-120 by copper-mediated radiofluorination of the stannyl precursor 6 on
a TRACERIab FX2 N radiosynthesis module. In vitro internalization studies demonstrated significantly higher uptake of
['®F]AG-120 in U251 human high-grade glioma cells with stable overexpression of mutant IDH1 (IDH1R132H) compared
to their wild-type IDH1 counterpart (0.4 vs. 0.013% applied dose/pg protein at 120 min). In vivo studies conducted in
mice, exhibited the excellent metabolic stability of ['*F]AG-120, with parent fractions of 85% and 91% in plasma and
brain at 30 min p.i., respectively. Dynamic PET studies with ['*F]AG-120 in naive mice and orthotopic glioma rat model
reveal limited blood-brain barrier permeation along with a low uptake in the brain tumor. Interestingly, there was no
significant difference in uptake between mutant IDHIR132H and wild-type IDH1 tumors (tumor-to-blood ratiopg_go min:
~1.7 vs. ~1.3). In conclusion, our preclinical evaluation demonstrated a target-specific internalization of ['*F]AG-120 in
vitro, a high metabolic stability in vivo in mice, and a slightly higher accumulation of activity in IDHIR132H-glioma
compared to IDH1-glioma. Overall, our findings contribute to advancing the field of molecular imaging and encourage
the evaluation of ['®F]AG-120 to improve diagnosis and management of glioma and other IDHIR 132H-related tumors.
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Introduction

Glioma represent a significant challenge in clinical practice
as they account for approximately 80% of primary malig-
nant brain tumors and currently lack a curative treatment
[1]. Despite aggressive standard therapies with surgery,
radiotherapy, and chemotherapy, as well as the development
of novel therapies such as targeted therapies, electric field
therapies and immunotherapies, the 5-year overall survival
rate has not improved significantly in recent decades [2, 3].
Surgical approach prioritizes the preservation of neurologi-
cal function over the extent of resection, often leading to
systematic tumor recurrence [4, 5].

Mutations in the metabolic enzymes isocitrate dehydro-
genase 1 and 2 (IDH1 and IDH2) occur in more than 70%
of low-grade glioma and approximately 12% of high-grade
glioma [6]. These somatic gene mutations involve a hetero-
zygous missense substitution of the purine base guanine
at position 395, typically transitioning through the purine
base adenine (G395A). The most common subtype, found
in 90% of the cases, is an arginine-to-histidine substitution
(R132H) in the IDH1 isoform (IDH1R132H) [6-8]. These
gain-of-function mutations induce a neomorphic activity by
the NADPH-dependent conversion of alpha-ketoglutarate
(a-KG) to D-2-hydroxyglutarate (2-HG). Intracellular accu-
mulation of the 2-HG, > 100-fold higher than in normal tis-
sue [9, 10], and intracellular depletion of NADPH lead to a
redox imbalance and metabolic and epigenetic reprogram-
ming, which are thought to contribute to gliomagenesis
[11]. Indeed, the IDH mutation (mIDH) has been identi-
fied as an early event in gliomagenesis preceding second-
ary and tertiary genetic alterations [11, 12], retained during
progression [ 13—15] and remarkably ubiquitously expressed
by tumor cells, including infiltrating single cells [16—19].
Therefore, since 2016, the detection of the mIDH has rede-
fined the landscape of glioma management [17], offering a
more precise patient stratification based on its prognostic
and predictive value [18, 19].

The development of mIDH inhibitors, particularly of the
IDH1 subtype, has rapidly expanded [20]. Almost all the
small-molecule inhibitors developed to date interfere with
the enzymatic reaction of the mutant enzyme through allo-
steric binding. More than nine potential drugs are currently
in clinical trials for various cancers, and the mIDH]1 inhibi-
tor AG-120 (ivosidenib) received FDA approval in 2019 for
treatment of newly diagnosed acute myeloid leukemia and
advanced cholangiocarcinoma. In addition, the INDIGO
clinical trial (NCT04164901) demonstrated the potential of
AG-881 (vorasidenib) for treating low-grade glioma [20].

Apart from therapeutic applications, mIDH also offers
an attractive target for noninvasive tumor characteriza-
tion through nuclear imaging techniques in glioma patients
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[21-24]. Currently, the direct immunohistochemical detec-
tion of mIDH is recommended, followed by next-generation
sequencing if the result is negative [4]. An alternative indi-
rect method is the non-invasive measurement of 2-HG by
magnetic resonance spectroscopy; however, this technique
suffers from limited spatial resolution and availability [25].

Positron emission tomography (PET) imaging of dopa-
mine metabolism using ['*FJFDOPA or of L-amino acid
uptake using ['SF]FET, has been investigated for the
diagnosis, prognosis and assessment of treatment-related
changes in mIDH glioma [26-29]. However, their appli-
cability for mIDH detection is limited due to their indi-
rect correlation to the IDH status and to a large fraction of
["*F]JFET-PET-negative low-grade glioma [30-34]. The
non-invasive direct imaging of mutant IDHIR132H tumors
could not only provide an alternative diagnostic tool for
the 20% of patients whose IDH status cannot be specified
otherwise [35, 36], but also support the development of
mIDH-targeted therapies by assessing target engagement
and treatment response. Furthermore, the unique feature of
mIDH being present throughout the tumor and absent in nor-
mal tissue allows for improved identification of tumor recur-
rence versus treatment-related changes. Recently reviews by
Neumaier et al. have highlighted the development of highly
potent and selective pharmacological mIDH inhibitors
encouraging the development of radiotracer imaging agents
[24]. However, in vivo evaluations have been reported for
only a few of the '*C-, '8F- and '*I-labeled mIDH inhibitors
developed to date [37—40], without successful neuroimag-
ing to the best of our knowledge. Also the recent study by
Wang et al. reporting the development of ['*F]AG-120 as a
mixture of the §,S-diastereomer (AG-120) and the S, R-dia-
stereomer together with the mutant-specific accumulation of
the radiotracer in peripheral mIDH-positive tumors, did not
focus specifically on brain imaging [40].

In the present study, we successfully prepared the stereo-
isomerically pure radioligand ['*F]AG-120 and assessed its
performance in vitro through binding affinity and internal-
ization studies. Additionally, pharmacokinetic and metabo-
lism studies were conducted in naive mice and dynamic
PET imaging was performed in a preclinical rat model of
orthotopic glioma overexpressing the mutant IDHIR132H
or the wild-type IDH1.

Materials and methods

See Supplementary Information (SI) for full description
of all materials and methods, including organic and radio-
chemistry procedures, next-generation sequencing, potency
assays and immunoassays.
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Radiosynthesis

Automated productions of ['*F]AG-120 and ['*F]FET were
performed on a TRACERIab FX2 N radiosynthesizer (GE
Healthcare, USA). For the copper-mediated radiofluorina-
tion (CMRF) of the stannyl precursor 6, different reaction
parameters such as fluorination agent, solvent or tempera-
ture were systematically investigated and optimized.

Cell culture

Stably transfected U251-MG cells (originating from a human
glioblastoma) overexpressing human wild-type IDHI1
(IDH1-U251) or human mutant IDHIR132H (IDH1R132H-
U251), (Fig. S5) were generated by Dr. Jacqueline Kessler
and Prof. Dirk Vordermark (Klinik fiir Strahlentherapie am
Universititsklinikum Halle Saale, Germany) [41].

In vitro binding assays

All binding experiments were performed by incubation of
["*F]AG-120 with lysates obtained from transfected U251
cells and were terminated by filtration through two layers of
GF55 glass fiber filters (Hahnemiihle FineArt GmbH, Das-
sel, Germany). Data analysis was performed by nonlinear
regression using GraphPad Prism software.

In vitro cell uptake

Transfected U251 cells were seeded in 24-well plates one
day before the experiment and inhibitors were added 2 h
prior to radiotracer. The uptake study was performed at
37 °C in a CO,-incubator. Cell surface-bound activity was
released by treatment with acid-glycine buffer (0.2 M gly-
cine, 0.15 M NaCl, pH 3) prior to cell lysis (0.1 M NaOH,
1% SDS). The concentrations of surface-bound and inter-
nalized activity per well were calculated as a percentage of
the applied dose (AD) per well and normalized to the pro-
tein concentration per well (% AD/ug protein).

In vivo metabolism

All animal experiments are in compliance with the EU
Directive 2010/63 and were approved by the local author-
ity. ['"®F]AG-120 (27 + 7 MBgq; 13 + 5 nmol/kg) was admin-
istered intravenously in awake female CD-1 mice (n=3),
and plasma and brain samples were collected 30 min p.i.
for reversed phase radio-HPLC (RP-HPLC) and micellar
HPLC (MLC) analysis.

Dynamic PET in naive mice

Female CD-1 mice underwent a 60-min PET scan using a
preclinical PET/MRI (NanoScan®, Mediso). ['*F]AG-120
(5.4+0.7 MBq; 3.4+2.3 nmol/kg) was administered by
intravenous (i.v) injection 30 min after i.v. application of
cyclosporine A (Sandimmune®, 50 mg/kg; n=5), an inhibi-
tor of the P-glycoprotein (P-gp) efflux transporter, or vehicle
(NaCl/3% EtOH/6.6% kolliphor; n=4). Data were analysed
using PMOD v3.9 and are expressed as mean standardized
uptake value (SUV,.,,) of the respective entire region of
interest (ROI).

mean

Dynamic PET in rats bearing glioma xenografts

Four nude rats were orthotopically injected with 1x 10°
IDHI- or 5x 10° IDHIR132H-U251 cells (n=2 per group)
and imaging studies were performed on day 30 and 34 post-
graft. ['"®F]AG-120 (38.7+1.5 MBq; 1.5+0.1 nmol/kg) or
["®F]FET (36.6 + 1.0 MBq; 12.0 +0.3 nmol/kg) was admin-
istered by tail vein injection followed by a 60-min PET/
CT scan (NanoScan®, Mediso), and data were analyzed
using PMOD v3.9. The tumor region was delineated from
the T2-weighted image (7T MRI, BioSpec 70/30, Bruker).
Background signal was defined as a 1.5 mm sphere placed
in the contralateral (left striatum), and region-specific time-
activity curves (TACs) were generated. Tumor-to-back-
ground ratios were calculated for the 30—60 min time frame
(TBR,ean=SUV can(tumor)/SUV__ .- (contralateral)).

Results
Radiosynthesis of ['®F]AG-120

To optimize the reaction conditions for the copper-mediated
radiofluorination of the stannyl precursor 6 (Scheme 1),
different reaction parameters were tested in manual experi-
ments according to published procedures [42—50]: (i) bases/
salts combinations for elution of ['®F]fluoride from the
anion-exchange cartridge (TBAHCO;, NaOT{/K,CO; [43],
TBAOTT [44], DMAPHOTTf [47-49]), (ii) respective fluori-
nation agents (['*F]TBAF, ['*F]IDMAPHEF, ['®F]NaF), (iii)
solvents (N,N-dimethylacetamide (DMA), 1,3-dimethyl-
2-imidazolidinon (DMI)), (iv) temperatures (115-140 °C)
and (v) the need for conventional drying of the ['*F]fluoride
by azeotropic distillation with acetonitrile (details are in
the SI and in Tab. S1). Due to the complex synthesis of
the stannyl precursor 6, only 3.0 mg (3.5 pmol) was used
for the experiments. The copper complex [Cu(OTf),(py)4]
was chosen as mediator for the radiofluorination of 6. In
summary, the highest radiochemical conversion (RCC) of

@ Springer
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Scheme 1 Copper-mediated
radiofluorination of ['*F]AG-120.
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10% was achieved using DMI as solvent and ['*F]TBAF,
which was obtained by the elution of the ['®F]fluoride
from a Chromafix 30 PS-HCO3 cartridge with TBAOTTf
dissolved in anhydrous methanol [42, 44]. Evaporation of
the methanol within a few minutes eliminated the need for
azeotropic distillation. At 140 °C, the radiolabeling reaction
was completed after only 5 min (Scheme 1). These labeling
conditions were used for the development of an automated
radiosynthesis of ['*F]AG-120 using the TRACERIab FX2
N radiosynthesis module (details are provided in SI and Fig.
S2). In this automated procedure, purification of the crude
radiolabeling mixture was performed by solid phase extrac-
tion (SPE) on a C18 light cartridge to eliminate excess of
copper impurities, followed by semi-preparative HPLC
(Fig. S3). To remove the HPLC solvent, another SPE was
performed and the radiotracer was formulated in isotonic
saline containing 10% ethanol (~ 1 MBq/uL). In a total syn-
thesis time of ~75 min, ['*F]AG-120 was produced with a
high radiochemical purity of >99%, a radiochemical yield
0f 3.8+ 0.3% (n=9, EOB) and molar activities in the range
of 80-160 GBq/umol (n=6, EOS) with starting activities
of 10-30 GBq. The identity and stereoisomeric purity of
["*F]AG-120 was confirmed by analytical radio- and UV-
HPLC by co-injection of the final radiotracer with (i) com-
mercially available AG-120 (S,S-diastereomer) and (ii) a
mixture of the S,S- and S,R-diastereomers (Fig. S4). Inter-
estingly, the separation of the two diastereomers was only
observed using the isocratic mode.

@ Springer
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Kinetics, affinity and specificity of the binding of
['8FIAG-120

To establish a protocol for the first measurement of the
binding affinity of the allosteric mIDH inhibitor AG-120
for IDH1R132H, we initially investigated the effects of the
components of the buffer used in the potency studies for the
binding measurements (Fig. S6). For all tested buffer com-
positions (Tab. S2), the total binding in IDH1R132H-U251
cell lysates was comparable and remarkably exceeded that
obtained with IDH1-U251 cells lysates (Fig. S7), and we
performed the subsequent experiments with PBS supple-
mented with 10 mM MgCl, because divalent cations have
to be present in the active site for catalysis [51-53].

To determine the incubation time required to measure the
specific binding of ['*F]AG-120 at equilibrium, we inves-
tigated the kinetics of the association and dissociation of
["*F]AG-120 with IDHIR132H-U251 whole cell lysates.
The studies reproducibly showed that the specific binding
of ['*F]AG-120 at low nanomolar concentrations reached a
plateau with a half-life of approximately 60 min (Fig. 1a).
However, this binding appears to be irreversible. Neither
the addition of AG-120 to minimize the effect of potential
rebinding nor the addition of BAY 1436032, as a structurally
different allosteric IDH1R132H inhibitor in excess after a
60-min association period, resulted in any relevant dissocia-
tion of specifically bound radioligand during the 4-h study
(Fig. 1b).

Taken together, the results indicate a comparatively slow
formation of the ['*F]AG-120:IDHIR132H complex and a
long lifetime of this complex. Since it was not possible to
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determine the equilibrium dissociation constant Ky, as the
ratio of the dissociation rate constant kg over the associa-
tion rate constant k_,, we performed homologous competi-
tion experiments with lysates of IDH1R132H-U251 cells to
estimate the apparent K, value. Nonlinear regression analy-
sis of the corresponding saturation curve indicates specific
binding of ["*F]AG-120 to a single target population with
an apparent K, value of 15 nM and an apparent B,,, value
of about 650 fmol/mg protein (Fig. 2). Accordingly, an
apparent binding potential (BP=B,,,,/K,) of about 4 can be
calculated for the binding of ['*F]AG-120 in IDH1R132H-
U251 cells.

To further evaluate the in vitro specificity of [ *F]AG-120,
a comparative homologous competition experiment was
performed with IDH1- and IDHIR132H-U251 cell lysates
(Fig. S8). The interaction strength of the radioligand appears
to be in the same range for both isoforms, in contrast to
the confirmed selective inhibition of the mutant enzyme by
AG-120 (Fig. S6). However, the apparent concentration of
the binding sites in the IDHIR132H-U251 cells is approxi-
mately 5-fold higher than in the IDH1-U251 cells. Since the
Western blot results (Fig. S5) indicate comparable expres-
sion densities of wild-type and mutant IDH]1 in the respec-
tive stably transfected cells, the estimated higher binding
potential of ['*F]AG-120 in the IDH1R132H- compared to
the IDH1-U251 cells could be translated into a meaningful
signal-to-background ratio in vivo.

Kinetics and specificity of the cellular uptake of
['®FIAG-120

To ascertain whether the results obtained with whole cell
lysates were reproducible in a test system of higher com-
plexity, uptake, binding and release studies were performed
using living IDH1- or IDHI1R132H-U251 cells. The data

demonstrated a much higher ['*F]AG-120 cellular uptake in
IDHIR132H-U251 compared to IDH1-U251 cells (Fig. 3).

The association of ['*F]JAG-120 with the cell surface
was faster in IDH1-U251 cells compared to IDHIR132H-
U251 cells with an association half-life of 8 vs. 38 min.
In both cell lines, internalization was slower than associa-
tion, corresponding to an internalization of previously cell
surface-bound activity. However, while the proportions of
surface bound and internalized activity in IDH1-U251 cells
appear to be equivalent (approximately 0.013% AD/mg pro-
tein at 120 min incubation), the intracellular level of activ-
ity in IDH1R132H-U251 cells was about ten times higher
than the concentration of surface-bound activity (0.4% vs.
0.04% AD/mg protein at 120 min). Pre-administration of
the pan-mIDHI inhibitor BAY1436032 in excess not only
considerably reduced ['®*F]AG-120 binding to the surface of
both IDH1- and IDHIR132H-U251 cells to similar levels,
but also shortened the time to plateau. Overall, the stably
transfected cells appear to have a specific binding site for
mIDH inhibitors on their membrane that is involved in the
internalization of the inhibitor. Furthermore, the relatively
slow but constantly increasing accumulation of activity in
IDH1R132H-U251, at levels well above the equilibrium
between associated and internalized activity, indicates a
high intracellular concentration of ['*F]JAG-120 binding
sites, which is not saturable within the 2-h incubation period.

To further evaluate the suitability of ['*F]AG-120 for in
vivo biodistribution studies, we investigated whether the
internalized radioligand is released from the cells (Fig. 4).
Less than 10% of the initially taken up activity is released
during the 1-h incubation period, corresponding to the
absence of any relevant dissociation observed in the kinetic
experiments with lysates indicating a high intracellular
retention of ['*F]AG-120.

Fig. 2 Saturation binding curve for [18F]AG-120 with 7.0%10-16-
IDHIR132H-U251 cell lysate. Lysates were incubated &
with 1.44 nM ['®F]AG-120 for 60 min. Non-specific o 6.0x10-16
binding was determined by co-incubation with 6 e —— —{
BAY1436032 (1 uM). Data were fitted best by the one- gL = 5.0%10-16- - -
site binding equation (> =0.9644). Kp app=15.21M; L @ ’ o =
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Fig. 3 Cellular uptake of H[BF]AG120 A[BF]AG120 + BAY 1436032
['®F]AG-120 in IDH1-U251 (a, a )
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Fig. 4 Efflux of ["'F]IAG-120 from IDHIR132H-U251 cells after
60 min pre-incubation (1.23 nM ['*F]AG-120) at 37 °C. Results are
presented as % of applied dose of the radioligand per mg protein (%
AD/mg protein) vs. incubation time

["8F]AG-120 metabolism in naive mice

We investigated the metabolic stability of ['*F]AG-120 by
radio-RP-HPLC and radio-MLC analyses of plasma and
brain samples obtained from mice (n=3) at 30 min post
i.v. injection of ['®FJAG-120. Activity recoveries were
always>90%, reflecting the efficiency of the extraction
protocols. The parent fraction was 86 +2% and 91+ 1% in
the plasma and brain, respectively, indicating a high meta-
bolic stability of ['*F]AG-120 in vivo (Fig. 5). Although we
found two radiometabolites in the brain samples, a relevant
contribution to the PET signal in the brain is unlikely due to
their extremely low concentration.

Biodistribution in naive mice
To investigate the potential of ['*F]JAG-120 for brain imag-

ing, we performed a pilot PET study in CD-1 mice. The data
showed a remarkable accumulation of activity only in the

Fig. 5 Radiometabolites analyses a b
18 . o
of ["°JAG-120 in mouse plasma 5 S [FIAG-AZD 5 5001 pasma .
and brain at 30 min p.i. (a) q = e g ;]AG'“"
. o T~
Radio-chromatograms of.extracts - Radloriiatabiolites £% 20 - s
of mouse plasma and brain 2 Y il / \
. g g
samples measured by analytical £ 0 £,
RP-HPLC. (b) Radio- and UV- 5 107 san ["FIAG-120 s 7504 Plasma
chromatogram of a mouse plasma ~ § - s 3 AG-120
; ; 3 1 © 5 500
sample spiked with reference 2o . 33 Fa
AG-120 measured by analytical %é 50 W S E 250
MLC. 2 o 2 5
. . . . ) g v y T s
0 5 10 15 25 30 - 0 10 20 30 40

Retention time (min)
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gallbladder, small intestine and urinary bladder indicating
both urinary and hepatobiliary excretion, but a negligible
uptake in the brain (Fig. S9, Tab. S3). We therefore treated
the animals with cyclosporine A, an inhibitor of the P-glyco-
protein (P-gp) efflux transporter expressed on the endothe-
lial cells of the blood-brain barrier (BBB). Brain uptake was
increased approximately 3-fold compared to vehicle, indi-
cating that ['®F]JAG-120 is a substrate of the P-gp (Fig. 6).
Complementary post-mortem autoradiographic analysis of
the activity distribution in the brain of a cyclosporine A pre-
treated mouse confirmed a homogeneous distribution pat-
tern, indicating negligible binding of ['*F]AG-120 either to
non-specific binding sites or to the evenly distributed IDH1
in the healthy brain (Fig. S11).

Dynamic PET in rats bearing glioma xenografts

To evaluate the potential of ['SFJAG-120 to detect
IDH1R312H-positive brain tumors in vivo, we implanted
the transfected U251 cells stereotactically in nude rats to
generate a suitable model of IDH1 and IDH1R132H-pos-
itive glioma (n=2 for each cell type). Immunofluores-
cence staining of subsequently obtained brain sections and
genome sequencing confirmed the presence of IDHIR132H
in the mutant tumors (Fig. S5-S12a, Tab. S6).
Contrast-enhanced T1-weighted MR scans indicated
a disruption of the BBB in both tumor models (Fig S12).
To compare the cell density and proliferation of the two
tumors, we first performed dynamic ['*F]FET-PET scans

-~ vehicle

-& cyclosporine A

brain uptake (SUVmean)

to measure the correlating L-amino acid uptake in the
IDH1-U251 and IDH1R132H-U251 glioma at 30 days after
xenotransplantation [54]. Activity uptake was comparable
in both tumor types, as shown by the TACs in Fig. 7 and
by the subsequently extracted parameters time-to-peak,
TAC-peak value, slope and AUC (Fig. 7a, Tab. S4). Similar
TBR .. Values confirm a good comparability of the two
glioma models in terms of density and proliferative capacity
(Fig. 7b, Tab. S4).

Four days later, the animals were investigated by
dynamic ['®F]AG-120 PET. Visual inspection of the TACs
shows a similar initial uptake in the IDHI and IDH1R132H
tumor regions (TAC peak SUV, .,,: 0.46 vs. 0.41) with a
slightly slower kinetics in the mutant tumor (time-to-peak:
0.75 vs. 1.17 min) (Fig. 8, Tab. S5). A slower washout of
['®F]AG-120 from the IDHIR132H tumor compared to
the IDH1 tumor results in a slightly higher activity con-
centration at later time points (30—-60 min p.i.), resulting in
AUC_¢0 min Values 0f 9.96 and 8.65 SUV*min, respectively
(Fig. 8). However, the interpretation of the data is compli-
cated by a potential non-specific accumulation of activity
in the brain tumors of animals due to impairment of the
BBB, which is indicated by a contrast enhancement of the
tumors after i.v. injection of the contrast agent Gadovist®
(Fig. S12b).

vehicle

0 10 20 30 40 50
time (min)

Fig.6 Efflux transporter substrate study in naive CD-1 mice. (a) Time-
activity curves of the brain (SUV,,,,) after pretreatment with vehi-
cle (black dot; n=4), or cyclosporine A (Sandimmune®, 50 mg/kg

cyclosporine A

60

of cyclosporine A; blue square; n=>5). (b) Representative horizontal
brain PET images. Student t-test: p<0.0001*
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Fig. 8 Tumor model PET study. (A) Time-activity curves of
['*F]AG-120 uptake, respectively, in the tumor region of IDH1 (n=2)
and IDH1R132H tumor animals (n=2). (B) Representative coronal

Discussion
To the best of our knowledge, this is the first study to

assess the dynamics and strength of the physical inter-
action between the mIDH inhibitor ['F]JAG-120 and

@ Springer

IDH1R132H-U251

timodal images of the brain of IDH1 (n=2) and IDHIR132H tumor
animals (n=2) of ['F]FET distribution respectively. PET images:
40—60 min time frame. MRI: T2-weighted images

IDH1R132H-U251

multimodal images of the brain of IDHI (n=2) and IDHIR132H
tumor animals (n=2) of ['*F]AG-120 distribution, respectively. PET
images: 40—-60 min time frame. MRI: T2-weighted images

homodimers of IDH1 and IDHIR132H using radioligand
binding. We observed a slow and apparently irreversible
association of ['*F]JAG-120 with a single binding site in the
IDHIR132H-U251 cell lysates, which can be abolished by
co-incubation with the structurally different mIDH inhibitor
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BAY1436032. Saturation analyses indicate an apparent
affinity towards IDHIR132H in the low nanomolar range
(Kpapp~15 nM), corresponding to its inhibitory potency
(ICs5o~4 nM). Parallel radioligand binding studies using
preparations from IDH1- and IDH1R132H-transfected cells
indicated a 4-fold higher binding potential of ['*F]AG-120
in the latter. Although these results indicate the suitability
of ['"®F]JAG-120 for selective imaging of IDHIR132H, cor-
responding to the selective inhibition of the mutant enzyme,
the results of our experiments also indicate a comparable
apparent affinity of the radioligand to both enzymes in accor-
dance with the results of Liu et al. [53]. However, clarifica-
tion of the mechanism and implications of this finding was
beyond the scope of this pilot study. The results of the cellu-
lar uptake studies were generally consistent with the binding
results: Indeed, the uptake in the IDH1R132H-U251 cells is
slower than in the IDH1-U251 cells but reaches a 28-fold
higher concentration and can be blocked by pre-incubation
with BAY1436032 and appears to be irreversible.

In summary, our in vitro studies suggest that ['*F]AG-120
exhibits high affinity with slow association to IDHIR132H,
as suggested by the initial characterization of AG-120 as a
slow binder [55], and apparently no dissociation. Whether
the fact that ['®F]AG-120 occupies a much smaller fraction
of binding sites in IDH1-U251 cells, albeit with an affin-
ity comparable to that of the mutant enzyme, is sufficient
for selective imaging of IDHIR132H remains to be investi-
gated in future studies.

In vivo studies presented here confirmed the high meta-
bolic stability of ['®F]AG-120 demonstrated in the human
ADME study of Prakash et al. [37]. In addition, despite the
fact that AG-120 fulfills the theoretical requirements for a
CNS radiotracer [56], the initial uptake of ['*F]AG-120 in the
brain of naive CD-1 mice was negligible with an SUV . of
0.1. The 3-fold higher brain uptake observed after pre-treat-
ment with cyclosporine A suggests that the low penetration
rate of AG-120 was at least partly due to active P-gp-medi-
ated efflux, as recently concluded from an in vitro study
[57]. Nevertheless, based on the promising outcome of the
cell uptake study, we decided to conduct a first pilot study to
more specifically elucidate the potential of ['*F]AG-120 for
tumor imaging. Accordingly, PET studies were performed
using an orthotopic rat glioma model overexpressing the
target or the off-target obtained by stereotactic implantation
of the stably transfected IDHIR132H-U251 or IDH1-U251
cells, respectively. Due to the high-grade brain tumor ori-
gin of the implanted human U251 cells (glioblastoma), a
disrupted BBB was expected, allowing the proof-of-concept
to be performed independently of the BBB penetrance of
['®F]AG-120. Limitations of this study related to the trans-
fected U251 cell lines: (i) artificial overexpression of the

IDH enzymes and (ii) impaired BBB integrity should be
considered in the design of future studies.

The complex nature of tumors and their microenviron-
ments characterized by longitudinal and spatial hetero-
geneity introduces various confounding factors that can
influence the pharmacokinetics of a tumor-targeting radio-
tracer [58, 59]. Therefore, it is crucial to include suitable
controls, such as the group of animals expressing the off-
target. We intend to investigate the IDH1 and IDHIR132H
tumor-bearing animals with comparable tumor size, homo-
geneous T2-weighted signal and positive contrast-enhanced
T1-weighted MR images. An exploratory ['*F]JFET-PET
study revealed similar uptake of the radiolabeled amino
acid in both models. Despite the small sample size of our
pilot study (two animals per group), the slightly higher
TBR,,,« and TBR ., values in the IDH1 compared to the
IDH1R132H tumor align with clinical findings reported in
the literature [33, 60, 61]. The results of our ['*F]AG-120
PET study indicate a comparable uptake of activity in
both models with a slightly higher activity concentration
observed in the IDHIR132H tumor at the end of the 1-h
examination. However, due to the exploratory nature of the
study and the very low activity concentrations in the target
regions (SUVs <0.5) cautious interpretation is necessary to
avoid over-evaluation. Despite this limitation, the specific
trend of a slow but constant accumulation of activity in the
IDHIR132H tumor in vivo is consistent with our in vitro
findings and suggests that PET acquisitions of 2 h or even
longer may reveal a more pronounced difference in activity
uptake between IDH1R132H negative and positive tumors.
Although evaluating the radiotracer in a patient-derived
xenograft (PDX) model would provide valuable data on
in vivo binding at pathophysiological levels of expression,
IDHIRI132H glioma PDX models are currently scarce,
mainly due to their poor engraftment and slow growth rates.

Conclusion

In conclusion, this study presents the radiosynthesis of
stereoisomerically pure ['*F]AG-120 and provides valu-
able insights into its binding characteristics with IDH1 and
IDHIR132H. ['"®F]AG-120 will serve as a reference com-
pound for future evaluation of mIDH inhibitors or radio-
ligands and may have potential applications in peripheral
tumors such as chondrosarcoma.
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supplementary material available at https://doi.org/10.1007/s00259-
023-06515-7.
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