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ABSTRACT: Mutations in the isocitrate dehydrogenase gene 1 (IDH1) are common in gliomas. Studies suggest that IDH1 muta-

tions are early events in glioma formation and are important drivers of malignant progression. Herein, we report the synthesis and 

evaluation of a 
18

F-labeled triazinediamine analogue, [
18

F]1, as a candidate radiotracer for noninvasive imaging of IDH1 mutations 

in gliomas by positron emission tomography (PET). In vitro studies revealed good binding inhibition potency and binding affinity 

for [
18

F]1 in IDH1 mutant glioma cell lines, with an half-maximal inhibitory concentration value (IC50) of 54 nM and an equilibri-

um dissociation constant (Kd) of 40 nM. In vivo studies using mutant IDH1 glioma xenografts showed good tumor uptake of [
18

F]1 

and specific inhibition by the unlabeled 1, but also elevated radioactivity uptake in the bone, suggesting significant defluorination. 

The results support further optimization of the triazinediamine scaffold to develop a more stable and potent 
18

F-labeled analogue for 

PET imaging of IDH1 mutations in gliomas.  

Isocitrate dehydrogenase 1 and 2 (IDH1/2) are metabolic 

enzymes that play key roles in energy production and in main-

taining normal redox status in cells. IDH1 exists as a homodi-

mer in the cytosol and in peroxisomes, whereas IDH2 is local-

ized in the mitochondria. IDH1/2 catalyze the reversible con-

version of isocitrate to alpha-ketoglutarate (α-KG) with simul-

taneous generation of NADPH.
1
 Mutations in the IDH1 gene 

and to a lesser extent IDH2 are found in >70% of WHO grades 

II and III gliomas and in secondary glioblastomas (sGBM).
2
 In 

most cases, the mutation involves a substitution of arginine-

132 with histidine (R132H) in the catalytic site of IDH1, alt-

hough other amino acid substitutions are also observed in 

some cases (e.g., R132C, R132S, and R132G).
2
 The most 

common IDH2 mutation in glioma is R172K, accounting for 

about 2.5% of all IDH mutations in gliomas. IDH1 and IDH2 

mutations are mutually exclusive and result in decreased affin-

ity for isocitrate. However, they also yield a new function that 

enables the mutant IDH1/2 to reduce α-KG to D-2-

hydroxyglutarate (D-2-HG).
3
 Thus, IDH1/2 mutant gliomas 

have ~100-fold higher levels of D-2-HG compared to those in 

wild-type IDH gliomas or the normal brain.
3
 Studies suggest 

that D-2-HG functions as an oncometabolite by competitively 

inhibiting several dioxygenase enzymes that are normally de-

pendent on α-KG as a substrate for their enzymatic activity. 

Inhibition of these enzymes leads to a genome-wide changes 

in DNA methylation, trimethylation of histone lysine residues, 

and induces a block in cellular differentiation.
4, 5

 IDH1 muta-

tions have a significant impact also on the levels of several 

small-molecule biochemicals such as glutamine, glutamate 

and glutathione metabolites, suggesting that widespread meta-

bolic changes can occur in IDH1 mutant gliomas.
6
 

Clinically, patients with IDH1/2 mutant gliomas have better 

survival compared to patients with wild-type IDH (WT-IDH) 

gliomas. The median survival in patients with IDH1/2 mutant 

glioblastoma or anaplastic astrocytoma is 2-3 times longer 

than that for patients with WT-IDH tumors from the same 

histological class.
2
 Recent studies also suggest that IDH1 mu-

tant gliomas may be more sensitive to certain targeted-

therapies, and are amenable to maximal surgical resection, 

supporting the potential usefulness of IDH1 mutation status as 

a predictive biomarker in addition to its prognostic value.
7, 8

 

Furthermore, The Cancer Genome Atlas (TCGA) Research 

Network data have shown that IDH mutation status (mutation 

in IDH1 or IDH2) along with 1p/19q codeletion status is a 

more robust biomarker for stratification of clinical risk than 

outcome predictions based on histologic classification in 

WHO grades II and III gliomas.
9
 Hence, there is a strong ra-

tionale for development of noninvasive imaging methods for 

IDH1/2 mutations in gliomas. To this end, magnetic resonance 

spectroscopy (MRS) has been shown to be a valuable tool for 

noninvasive assessment of D-2-HG as a surrogate marker for 

IDH1/2 mutations in glioma.
10

 The goal of our work was to 

develop a radiotracer for imaging the expression of mutant 

IDH1 in gliomas by positron emission tomography (PET). 

Herein, we present data on radiolabeling and preliminary as-

sessment of a 
18

F-labeled triazinediamine analogue as a poten-

tial radiotracer for PET imaging of the most commonly occur-

ring IDH1 mutation in gliomas, IDH1-R132H. 

 

 

 

 

Chart 1. Chemical structures of the reference mutant IDH1 inhib-

itor A, its 18F-labeled analogue, [18F]1, synthesized in this work, 

and the FDA-approved mutant IDH2 inhibitor AG-221. 

AG-221 (Enasidenib) A [18F]1 
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Chart 1 shows the chemical structures of the reference mu-

tant IDH1 inhibitor A, its fluorine-18 (t1/2: 110 min) labeled 

analogue [
18

F]1 synthesized in this work, and the structurally 

related AG-221 drug (Enasidenib) that has been approved 

recently by the FDA for the treatment of relapsed or refractory 

acute myeloid leukemia (AML) with an IDH2 mutation.
11

 In 

the current work, compound A was selected as the lead com-

pound for radiolabeling based on its high affinity for mutant 

IDH1, with a reported half-maximal inhibitory concentration 

(IC50) value of <50 nM against the clinically-relevant hetero-

zygous mutation, IDH1-R132H/WT.
12

 Additionally, it has a 

near optimal lipophilicity, indicated by its cLogP of 1.9, which 

is in the desired range for passive diffusion of small-molecules 

through both cell membranes and the blood-brain-barrier 

(BBB). In order to facilitate successful incorporation of 

[
18

F]fluorine into the molecule by a standard nucleophilic sub-

stitution reaction on a methanesulfonate precursor, we opted to 

synthesize a monofluorocyclobutyl analogue, wherein one of 

the bis-fluorocyclobutyl substituents in A was replaced with a 

mono-fluorocyclobutyl moiety in 1 (Scheme 1).  

 

 

 

 

 

Scheme 1. Synthesis scheme for the nonradioactive 1. Reaction 

conditions: (a) NaHCO3, THF, reflux, 7 h; (b) NaHCO3, THF, 

reflux, 3 h.  

The synthesis of the unlabeled compound 1 was achieved by 

a 3-step synthesis procedure reported for A and its 

analogues.
12

 The synthesis started with the commercially 

available 6-(6-(trifluoromethyl)pyridin-2-yl)-1,3,5-triazine-

2,4(1H,3H)-dione, which was first converted to the bischloro 

derivative 2 by reaction with phosphorous pentachloride in 

phosphorus oxychloride under reflux conditions. Substitution 

of the chlorines in 2 with 3,3-difluorocyclobutan-1-amine and 

3-fluorocyclobutanamine (cis/trans mixture) in sequential 

reactions in the presence of sodium bicarbonate in THF yield-

ed compound 1 with an overall yield of 18% (Scheme 1). The 

synthesis of the methanesulfonate derivative 4 for radiolabel-

ing was accomplished by using a hydroxy precursor, which 

was prepared from the monochloro intermediate 3 and 3-

aminocyclobutanol similar to that for 1. Fluorine-18 labeling 

of 1 was achieved by nucleophilic radiofluorination reaction 

on the methanesulfonate precursor 4 in a decay-corrected radi-

ochemical yield of 6.3 ± 1.6% (n=12) (Scheme 2). The prod-

uct [
18

F]1 was obtained as cis/trans mixture and was used as 

such for all experiments. The lipophilicity of [
18

F]1 was evalu-

ated by the shake-flask method,
13

 which revealed a log parti-

tion coefficient value (LogP) of 2.2 ± 0.0 (n=6) for [
18

F]1.  

 

 

 

 

 

Scheme 2. Synthesis scheme for [18F]1. Reaction conditions: (a) 

[18F]KF, Kryptofix 222, DMF, 120 °C, 15 min. 

The ability of [
18

F]1 to bind to IDH1 mutant glioma cells 

was evaluated using human oligodendroglioma (HOG) cells 

that were genetically engineered to express IDH1-R132H or 

WT-IDH1 as described previously.
6
 For the uptake studies, 

mutant IDH1 and WT-IDH1 HOG cells cultured in standard 

24-well plates were incubated with 18.5 kBq of [
18

F]1 for 15-

120 min. In these studies, the uptake of [
18

F]1 in the mutant 

IDH1 cell line was about 7.8-fold higher than that in the WT-

IDH1 cell line at 15 min, with an uptake of 72.2 ± 5.5% per 

mg protein vs. 9.3 ± 0.4% per mg protein for the WT-IDH1 

cell line (P < 0.0001). The uptake and the uptake ratios re-

mained high at subsequent time points also (Figure 1A). Co-

incubation of cells with excess of unlabeled 1 (50 µM) inhibit-

ed the uptake of [
18

F]1 in the mutant IDH1 cell line by >95% 

at all time points, confirming the specificity of [
18

F]1 uptake 

(Figure 1A). Blocking with the cold compound also inhibited 

the uptake seen in the WT-IDH1 cell line to a lesser degree, 

suggesting some displaceable binding on the WT-IDH1 cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. (A). Uptake of [18F]1 in isogenic human oligodendro-

glioma cell lines expressing IDH1-R132H or WT-IDH1. Blocking 

studies were performed by co-incubation with the nonradioactive 

1 (50 µM). (B). Blocking studies using known inhibitors of the 

mutant IDH1/2 and the cell-permeable mutant IDH1 substrate, 

octyl-α-ketoglutarate. Cells were incubated with [18F]1 alone or in 

the presence of the corresponding nonradioactive analogue (100 

µM) for 30 min. Data is shown as mean ± SEM (n=3-4). 

In order to evaluate the mode of binding of the labeled in-

hibitor on IDH1 mutant glioma cells, blocking studies were 

conducted using known inhibitors of the mutant IDH1 (AGI-

5198 and GSK-864), mutant IDH2 (AG-221), or octyl-α-KG, 

which is a cell-permeable analogue of the mutant IDH1 sub-

strate α-KG, all at 100 µM (chemical structures shown in Fig-

ure S1; Supplementary Information).
8, 11, 14, 15

 In these studies, 

co-incubation with AGI-5198, GSK-864 and AG-221 resulted 

in significant inhibition of the [
18

F]1 uptake (P < 0.001), but 

octyl-α-KG did not show any significant effect (P = 0.43) 

(Figure 1B). These results suggest that AGI-5198, GSK-864 

and AG-221 interact with the same binding pocket as 1 on 

mutant IDH1 or competitively inhibit [
18

F]1 binding to mutant 

IDH1 by some other mechanism. While AGI-5198 and GSK-

864 are structurally unrelated to [
18

F]1, AG-221 belongs to the 
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same chemical class (triazinediamine) and has high selectivity 

for mutant IDH2 (IC50 of 0.1-0.3 µM) vs. mutant IDH1 (IC50 

of 77.6 µM).
11

 However, the 100 µM concentration used in 

blocking studies with AG-221 in the present study is above its 

IC50 for the mutant IDH1 (77.6 µM), and resulted in a 93% 

inhibition in [
18

F]1 uptake by the mutant IDH1 cells. Lack of 

competitive inhibition of [
18

F]1 by octyl-α-KG suggests that 

the labeled inhibitor does not compete with the mutant IDH1 

substrate α-ketoglutarate for binding to the enzyme, which is 

consistent with the recently reported data for the AG-221 

showing that the mode of binding of the triazinediamine-based 

inhibitors to the mutant IDH enzyme is non-competitive with 

respect to the substrate α-KG.
11

  

The inhibitory potency of the nonradioactive 1 against mu-

tant IDH1 was evaluated in competitive inhibition assays us-

ing [
18

F]1 and the HOG-IDH1-R132H cell line. Cells were 

incubated with [
18

F]1 and increasing concentrations (n=8; 1.4 

nM – 3 µM) of nonradioactive 1 under standard cell culture 

conditions for 1 h. Figure 2A shows the inhibitory curve for 

[
18

F]1 as a function of increasing concentration of unlabeled 1 

in the incubation medium. These studies revealed a binding 

inhibition potency (IC50) of 54 nM for 1, which compares fa-

vorably with the reported IC50 value of <50 nM for the refer-

ence bis-fluoro derivative A. We note that a fluorescence-

based enzymatic assay was used to determine the IC50 of A in 

the literature compared to the radioligand- and cell-based as-

say used in the current study.
12

 In addition, a direct compari-

son of the inhibitory potency of pure cis- and trans- isomers of 

1 synthesized by using cis-3-fluorocyclobutanamine and trans-

3-fluorocyclobutanamine similar to that shown in Scheme 1, 

revealed somewhat higher inhibitory potency for the trans 

isomer of 1 compared to the cis derivative (IC50 of 31 nM vs. 

55 nM for cis-1; Figure 2B). 

 

 

 

 

 

 

Figure 2. (A). Determination of binding inhibitory potency (IC50) 

of 1 in competition with [18F]1 in IDH1-R132H mutant HOG cell 

line. (B) Competitive inhibition curves for pure cis- (blue) and 

trans- (red) isomers of 1 in the same cell line. Results are present-

ed as mean ± SEM (n=3). 

In order to assess the uptake and binding of [
18

F]1 in clini-

cally relevant mutant IDH1 tumor models, cell uptake studies 

also were conducted using a patient-derived IDH1 mutant 

astrocytoma cell line (IMA) that carried a heterozygous IDH1-

R132H/WT mutation as described previously.
16

 Figure 3A 

shows an uptake of 18.9 ± 2.2% of [
18

F]1 per mg protein after 

a 1 h incubation in this cell line. Similar to its behavior on the 

HOG cell line, the uptake could be inhibited significantly by 

blocking with the unlabeled analogue 1 (50 µM) in parallel 

experiments. Furthermore, knockout of the R132H allele in the 

afore-mentioned IMA cell line using CRISPR/Cas-9 gene 

editing technology (R132H-KO) resulted in a significant de-

crease in the uptake of [
18

F]1 (~55%; P < 0.01), confirming 

the IDH1-R132H mutant specificity of [
18

F]1 binding to the 

IMA cell line. Blocking with unlabeled compound 1 decreased 

uptake in the R132H-KO cell line down to the background 

radioactivity levels seen in the R132H mutant IMA cell line 

after blocking (Figure 3A), suggesting some displaceable 

binding in the knockout cell model as well.  

 

 

 

 

 

 

 

 

Figure 3. (A). Uptake of [18F]1 in IDH1 mutant anaplastic astro-

cytoma cell line (IDH1-R132H), and in the IDH1-R132H knock-

out cell line (R132H-KO). Blocking studies were conducted using 

50 µM 1. (B). Saturation binding curve for the [18F]1 in the IDH1-

R132H mutant IMA cell line. Non-specific binding was deter-

mined at 50 µM 1. Experiments were conducted in triplicate, and 

the data in Figure 3A is presented as mean ± SEM. 

Next, saturation binding assays were conducted to deter-

mine the binding affinity and the maximal binding capacity 

(Bmax) of [
18

F]1 in the IMA cell line (R132H) (Figure 3B). For 

these experiments, IMA cells were incubated with increasing 

concentrations of [
18

F]1 (n=8; 2.5 – 325 nM) and binding pa-

rameters were determined 1 h after incubation. The equilibri-

um dissociation constant (Kd) and Bmax of [
18

F]1 determined 

from these assays were 40 nM and 4426 fmol per mg protein, 

respectively, yielding a Bmax/Kd ratio of about 110 in vitro. 
17

 

Based on the higher inhibitory potency (IC50) of the trans iso-

mer compared to the cis isomer (Figure 2B), we also synthe-

sized the radioactive trans isomer (trans-[
18

F]1) by using a cis 

precursor (sulfonate), and as described for [
18

F]1 in the Sup-

plementary Information. The binding affinity of trans-[
18

F]1 

(Kd = 44 nM) determined on the IMA cell line was similar to 

that for non-stereospecific [
18

F]1, indicating no additional 

advantage for the radiolabeled trans-isomer in terms of bind-

ing affinity for mutant IDH1 (Figure S5). However, it is worth 

noting the differences between inhibition potency assays and 

the binding affinity studies with regard to cell lines, inhibitor 

concentrations, and possibly mutant IDH1 levels.  

The tissue distribution characteristics and tumor uptake 

properties of [
18

F]1 were studied in NOD scid gamma (NSG) 

mice bearing HOG-IDH1-R132H tumor xenografts implanted 

in the flank region. To evaluate uptake specificity in a block-

ing study, an additional group of animals received unlabeled 

analogue 1 by intraperitoneal injection (25 mg/kg body 

weight) 30 min before injection of the radiotracer. Table 1 

shows standardized uptake values (SUVs) for different organs 

and tissues at 0.5, 1 and 2 h after injection of [
18

F]1. [
18

F]1 

exhibited rapid clearance from the blood, with a mean SUV of 

0.4 ± 0.1 in the blood at 0.5 h, decreasing to 0.1 ± 0.0 at 2 h. In 

line with its lipophilicity (LogP: 2.15), the labeled compound 

was eliminated primarily by the hepatobiliary system, with 

about 25% of the injected dose present in the intestines at 2 h. 

Based on its high and prolonged radioactivity uptake in the 
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bone (SUV of 2.3 ± 0.4 at 0.5 h and 2.8 ± 0.5 at 2 h in tibia), 

[
18

F]1 appears to undergo significant defluorination in vivo. 

The uptake of [
18

F]1 in tumor was highest 30 min after injec-

tion, with SUV 1.0 ± 0.2, and decreased at subsequent time 

points to 0.8 ± 0.2 at 1 h and 0.4 ± 0.2 at 2 h. Pretreatment of 

animals with unlabeled analogue 1 decreased the uptake of 

[
18

F]1 in the tumor significantly, with radioactivity SUV 0.5 ± 

0.0 in the blocking group vs. 0.8 ± 0.2 for the unblocked group 

at 1 h post injection (P < 0.001). Calculation of tumor-to-

background ratios showed that [
18

F]1 uptake in tumor was 

about 2.4-fold higher than that for the muscle, and 8.5-fold 

higher than that for the whole brain at 30 min. Blocking with 

the unlabeled compound 1 led to a significant decrease also in 

tumor-to-background ratios, consistent with competitive inhi-

bition of [
18

F]1 binding in the tumor by the unlabeled 1 (Table 

1).  

Table 1. Whole body biodistribution data for [18F]1 in NSG mice 

bearing IDH1-R132H mutant glioma xenografts (HOG). Data is 

presented as standard uptake values and as mean ± SD for 4 ani-

mals in each group, except for 1 h (n=9). Tumor-to-background 

ratios are shown for selected tissues and the blood. 

Organ 0.5 h 1 h 1 h - blocking 2 h 

Liver 1.2±0.1  1.4±0.4     0.9±0.2*  0.6±0.1 

Spleen 0.4±0.1  0.3±0.1     0.4±0.1*  0.1±0.0 

Lungs 0.6±0.3  0.6±0.3     0.7±0.4  0.3±0.2 

Heart 0.6±0.1  0.4±0.1     0.6±0.1*  0.3±0.1 

Kidneys 0.9±0.1  0.9±0.2     1.1±0.2  0.3±0.1 

Bladder 1.4±1.0  0.6±0.4     0.7±0.2  0.3±0.1 

Stomach 1.3±0.4  0.8±0.3     0.8±0.2  0.4±0.1 

Small intestines 2.2±0.7 4.6±1.1 1.1±0.1* 2.6±0.8 

Large intestines 0.5±0.1  0.4±0.1     0.5±0.1  1.6±1.5 

Bone (tibia) 2.3±0.4  1.9±0.5     2.1±0.2 2.8±0.5 

Muscle 0.4±0.0  0.4±0.1     0.7±0.2  0.2±0.1 

Blood 0.4±0.1  0.3±0.1     0.4±0.0*  0.1±0.0 

Brain 0.1±0.0  0.1±0.0     0.2±0.0*  0.1±0.0 

Tumor 1.0±0.2  0.8±0.2 0.5±0.0*  0.4±0.2 

Tumor/muscle 2.4±0.6  1.8±0.3 0.8±0.3*   2.0±0.7 

Tumor/blood 2.3±0.1  2.8±0.4 1.3±0.1*   2.7±0.8 

Tumor/brain 8.5±0.9  6.6±1.0 2.8±0.4*   5.9±1.5 

*Significant difference compared to the 1 h group 

Preliminary microPET imaging studies were conducted in 

NSG mice bearing HOG-IDH1-R132H tumor xenografts to 

further evaluate the uptake of [
18

F]1 in tumor and normal tis-

sues, and to assess the feasibility of imaging mutant IDH1 

with PET in vivo. Dynamic images were acquired for up to 90 

min after injection of [
18

F]1 at baseline (n=2) or after pre-

treatment with unlabeled analogue 1 (n=2; 25 mg/kg) given by 

intraperitoneal injection 30 min before the radiotracer injec-

tion (n=2). Time-activity curves (TACs) showing the uptake 

and clearance of [
18

F]1 from the mutant IDH1 tumor (HOG) 

and muscle for a baseline PET scan and blocked animal are 

shown in Figure 4. Representative microPET images of ani-

mals from these groups are also shown next to the correspond-

ing TACs. Comparison of the TACs for the tumor and muscle 

showed a significantly higher uptake and retention of [
18

F]1 in 

the tumor for the baseline PET scan (Figure 4A). [
18

F]1 

showed a peak SUV of ~0.7 at 25 min, which decreased slight-

ly at later time points to 0.6 at the end of the 85-min imaging 

session. Pretreatment of animals with the unlabeled 1 (25 

mg/kg) decreased [
18

F]1 uptake in the tumor significantly, 

with SUV reaching a maximum of 0.3 for the blocked animal 

vs. ~0.7 for the baseline PET scan. Comparison of TACs for 

normal tissues (e.g., muscle, brain) for the two animals indi-

cated slower clearance of [
18

F]1 from normal tissues in the 

pretreated animal (e.g., normal brain SUV of 0.3 vs. 0.1 for 

the untreated animal at 85 min), suggesting possible changes 

in pharmacokinetics of [
18

F]1 in the presence of excess of un-

labeled 1 used for blocking purposes in vivo (25 mg/kg). Con-

sistent with the ex vivo tissue distribution data, microPET im-

ages also showed significant radioactivity in the liver and in-

testines at 1 h, reflecting physiological clearance of the labeled 

compound by the hepatobiliary system.  In addition, high up-

take of radioactivity in the bone was observed, suggesting that 

extensive defluorination of [
18

F]1 occurred in vivo.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Small animal PET imaging of IDH1 mutant glioma 

xenografts with [18F]1. Time activity curves for tumor and muscle 

for mice injected with [18F]1 at baseline (A) or after blocking with 

nonradioactive 1 (25 mg/kg; i.p.) 30 min before [18F]1 injection 

(B). PET images of the corresponding animals are shown next to 

the TACs, for the 25 min time frame. Upper panels in the images 

show axial view and lower panels show coronal view of the ani-

mals. Arrowhead indicates tumors. 

In view of their gain-of-function leading to the production 

of the onco-metabolite D-2-HG, inhibition of mutant IDH1 

and IDH2 with small molecules has emerged as a promising 

therapeutic strategy for targeting IDH1/2 mutations in cancers. 

This approach has shown rapid progress and led to the suc-

cessful development and approval of AG-221 (Enasidenib) for 

the treatment of adult relapsed or refractory AML patients 

with an IDH2 mutation.
18

 Clinical trials of multiple mutant 

IDH1 inhibitors representing a variety of chemical scaffolds 

are also ongoing. Of these, AG-120 (Ivosidenib) is in the most 

advanced stage of investigation and is currently being evaluat-

ed in phase I-III clinical trials in multiple cancer types includ-

ing glioma (clinicaltrials.gov). Biochemical and mechanistic 

studies have shown that these inhibitors bind to and inhibit the 

mutant IDH1 enzyme through different mechanisms. For ex-

ample, compounds based on a phenyl-glycine scaffold (e.g. 

AGI-5198) inhibit mutant IDH1 by competitive inhibition 

with respect to the substrate α-KG.
14, 19

 A recent report sug-

gests that they also may bind to an allosteric magnesium bind-

ing pocket at the dimer interface and inhibit mutant IDH1 in 

competition with Mg
2+

.
20

 In this regard, triazinediamine ana-
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logues such as 1 potentially offer a significant advantage for 

radiotracer development because they do not have to compete 

with the endogenous substrate α-KG or NADPH for binding.
11

 

With the goal of developing radiolabeled compounds for im-

aging mutant IDH1, we previously synthesized and evaluated 

fluorine-18 and radioiodinated analogues based on a benzene-

sulfonamide scaffold, which has been used in the past for de-

veloping small molecule mutant IDH1 inhibitors.
21

 Compared 

to these labeled benzenesulfonamide analogues, [
18

F]1 had 

~40-fold higher inhibitory potency against mutant IDH1 (IC50 

= 0.05 µM vs. 1.7-2.7 µM for the benzenesulfonamide ana-

logues), as well as more favorable lipophilicity (LogP = 2.2). 

In accordance with these properties, tissue distribution and 

preliminary microPET imaging studies revealed good initial 

uptake and rapid clearance of [
18

F]1 from the normal brain 

(data not shown), and >95% specific inhibition in IDH1 mu-

tant glioma cells in vitro, indicating minimal non-specific 

binding for [
18

F]1. The two cell lines used for evaluation of 

[
18

F]1 in the current study represent clinically relevant models 

of the most commonly occurring IDH1 (R132H) mutation in 

glioma. Tissue distribution and microPET imaging were con-

ducted with the genetically engineered IDH1 mutant HOG cell 

line in view of its ability to form tumors in vivo. However, in 

vitro studies with the patient-derived IMA cell line confirmed 

the ability of [
18

F]1 to bind to the native IDH1-R132H enzyme 

with high specificity, as blocking with unlabeled 1 decreased 

the uptake of [
18

F]1 in IMA cells by 90% (Figure 4A).  

Currently, the standard methods for detection of IDH muta-

tions in gliomas include Sanger sequencing and immunohisto-

chemistry (IHC). The advantages and disadvantages of these 

techniques have been reviewed in the literature.
22

 While these 

methods provide accurate information on mutant IDH1/2 sta-

tus, they are invasive and generally do not permit monitoring 

the expression of the mutant IDH enzyme or its activity at the 

whole tumor level and in longitudinal studies. Over the past 

several years, a number research groups have investigated the 

use of proton MRS for measuring D-2-HG levels, as a surro-

gate marker of IDH1/2 mutations, in gliomas. Although this 

method has proven to be a valuable tool, it has some limita-

tions, including low sensitivity (requires ≥ 1mM D-2-HG for 

successful detection), low spatial resolution, and potential 

overlap of the D-2-HG signal in MRS with endogenous brain 

metabolites such as glutamine (Gln), glutamate (Glu) and N-

acetylaspartylglutamate (NAAG).
10, 23

 Furthermore, it has been 

shown recently that the sensitivity of MRS for detecting D-2-

HG in IDH1/2 mutant gliomas is highly dependent on tumor 

volume.
23

 Successful development of PET imaging agents for 

the mutant IDH1 enzyme can provide a complementary imag-

ing tool to MRS for assessment of IDH1 mutations in glioma. 

The advantages of PET as an imaging method include high 

sensitivity in regard to radiolabeled probe detection in vivo, 

good spatial resolution, ability to accurately quantify the ra-

diotracer uptake in the target tissue, and suitability for longitu-

dinal studies.  

In conclusion, we have synthesized and evaluated a 
18

F-

labeled triazinediamine analogue as a potential radiotracer for 

PET imaging of mutant IDH1 in gliomas. The labeled com-

pound showed high uptake and specific biding in IDH1 mutant 

glioma cells in vitro. Tissue distribution and microPET imag-

ing studies revealed good uptake in IDH1-R132H mutant gli-

oma xenografts, which could be inhibited significantly with 

excess unlabeled analogue. To the best of our knowledge, 

these studies represent the first successful demonstration of the 

feasibility of imaging IDH1 mutations in gliomas by PET. 

However, in vivo studies with [
18

F]1 also revealed significant 

bone uptake that increased with time, indicating rapid defluor-

ination of the labeled compound. Therefore, efforts are under-

way to optimize the chemical structure of [
18

F]1 to increase the 

metabolic stability, and ideally, its binding affinity and selec-

tivity for mutant IDH1 as well. Future work will include eval-

uation of analogues of [
18

F]1 in orthotopic mutant IDH1 glio-

ma models to determine the uptake of the labeled inhibitors in 

tumors vs. the normal brain and to test their ability to image 

IDH1 mutations by PET.     
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IC50: 54 nM 

Kd: 40 nM 
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