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In brief

Patients with recurrent high-grade glioma

(rHGG) have a dismal prognosis, with

prior reported feasibility of transcriptional

inhibitor terameprocol when

administered intravenously five days/

month. Ahluwalia et al. report findings

from a multicenter, phase 1 trial via the

NCI Adult Brain Tumor Consortium, with a

3 + 3 dose-escalation design, of oral

terameprocol for patients with rHGG.
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SUMMARY
Recurrent high-grade gliomas (rHGGs) have a dismal prognosis, where themaximum tolerated dose (MTD) of
IV terameprocol (5 days/month), a transcriptional inhibitor of specificity protein 1 (Sp1)-regulated proteins, is
1,700 mg/day with median area under the plasma concentration-time curve (AUC) of 31.3 mg*h/mL. Given
potentially increased efficacy with sustained systemic exposure and challenging logistics of daily IV therapy,
here we investigate oral terameprocol for rHGGs in a multicenter, phase 1 trial (GATOR). Using a 3 + 3 dose-
escalation design, we enroll 20 patients, with median age 60 years (range 31–80), 70%male, and median one
relapse (range 1–3). Fasting patients tolerate 1,200 mg/day (n = 3), 2,400 mg/day (n = 6), 3,600 mg/day (n = 3),
and 6,000 mg/day (n = 2) oral doses without major toxicities. However, increased dosage does not lead to
increased systemic exposure, including in fed state (6,000 mg/day, n = 4), with maximal AUC <5 mg*h/mL.
These findings warrant trials investigating approaches that provide sustained systemic levels of transcription
inhibitors to exploit their therapeutic potential. This studywas registered at ClinicalTrials.gov (NCT02575794).
INTRODUCTION

The most common malignant brain tumors in adults are World

Health Organization (WHO) grade 3 and 4 gliomas, highly

aggressive tumors with poor prognoses.1 Despite optimal treat-

ment with radiation, surgery, temozolomide, and/or tumor-treat-

ing fields, most patients typically succumb to their disease within

two years.2 Following disease progression, most chemothera-

peutic agents have minimal activity, and none have improved

survival, despite the thousands of patients accrued to neuro-

oncology trials in the past three decades.3 Thus, testing novel

treatment approaches is critical to improving clinical outcomes

in patients with primary brain tumors.1,4,5

Terameprocol, a global transcriptional inhibitor, is a com-

pound derived from the creosote bush Larrea tridentata, whose
Cell Reports Medicine 5, 101630, J
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extracts have been used by Native Americans to treat various

medical disorders.6–8 The active agent in the resin from the

leaves is meso-nordihydroguaiaretic acid (NDGA), a lipophilic

antioxidant.9 Most of the therapeutic effects of L. tridentata

have been attributed to NDGA, whose synthetic meso-tetra-O-

methyl derivative is called terameprocol (also known as

EM1421 or M4N). Terameprocol has been demonstrated to

possess antiviral, antiangiogenic, and antineoplastic activities.

The compound has been shown to act against the human immu-

nodeficiency virus (HIV), herpes simplex virus (HSV), pox virus,

and human papilloma virus (HPV), among others.10–16 The drug’s

activity has been demonstrated across numerous cancer cell

lines and human tumor xenografts.17–20 Additionally, teramepro-

col induces reversible G2/M cell-cycle arrest in mammalian cell

lineswithout significant cytotoxicity and is selectively tumoricidal
uly 16, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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Table 1. Patient and disease characteristics at baseline in the

GATOR trial

Characteristics Total no. of patients (N = 20)

Age, median (range) 60 (31–80)

Gender, N (%)

Male 14 (70%)

Female 6 (30%)

Race/White, n (%)

White 18 (90%)

Non-White 2 (10%)

KPS, median (range) 90 (60–90)

Anticonvulsant usage, N (%) 15 (75%)

Prior radiotherapy, N (%) 20 (100%)

Prior gross total resection, N (%) 15 (75%)

Prior number of relapses,

median (range)

1 (1–3)

Prior number of surgical procedures,

median (range)

1 (1–3)

Baseline measurable tumor, N (%) 20 (100%)

Steroid usage, N (%) 7 (35%)

Histological diagnosis, N (%)

Glioblastoma (grade 4) 17 (85%)

Grade 3 glioma 3 (15%)

KPS, Karnofsky Performance Status.

Please cite this article in press as: Ahluwalia et al., A multicenter, phase 1, Adult Brain Tumor Consortium trial of oral terameprocol for patients with
recurrent high-grade glioma (GATOR), Cell Reports Medicine (2024), https://doi.org/10.1016/j.xcrm.2024.101630

Report
ll

OPEN ACCESS
in animal cancer models.10,21 The cell cycle blockade appears to

be related to inhibiting the synthesis of cyclin-dependent kinase

Cdc2 (also known as Cdk1 or p34), which is a primary regulator

of the G2/M transition of the cell cycle.8,22,23 Its AKT inhibitor role

has also been investigated, particularly with other agents acting

on the PI3K/AKT/mTOR pathway.19,24 These effects likely

stem from terameprocol’s transcriptional inhibition of proteins

regulated by specificity protein 1 (Sp1).10–12,22,25 Expression of

proteins regulated by Sp1 transcription factor, such as survivin

(BIRC-5), Cdk1/cdc2, and vascular endothelial growth factor

(VEGF), is known to be increased in cancer cells.26,27 Terame-

procol has been demonstrated to inhibit the production and

activation of survivin, an Sp1-regulated inhibitor of apoptosis

protein.23,28,29

A phase 1 clinical trial of terameprocol (NCT00404248) was

conducted by the National Cancer Institute (NCI) Adult Brain Tu-

mor Consortium (ABTC) in 35 heavily pretreated patients with

recurrent high-grade gliomas (rHGGs).30 Themaximum tolerated

dose (MTD) was established at 1,700 mg/day using a poly

(ethylene glycol)-free formulation as a short intravenous infusion

once daily for five consecutive days every 4 weeks, with median

area under the plasma concentration–time curve (AUC) of

31.3 mg*h/mL andmean clearance of nearly 54 L/h. Dose-limiting

toxicities (DLTs) in that trial were grade 4 hypoxia and grade 2

interstitial nephritis, which occurred in one patient each. Stable

disease was noted in 9 of 32 (38%) evaluable patients, with no

objective responses observed. ABTC investigators also found

that the concurrent administration of enzyme-inducing anti-

epileptic drugs did not have a clinically significant effect on the

serum pharmacokinetics, nor did terameprocol cause significant

myelosuppression.30While the study did establish the safety and

therapeutic feasibility of terameprocol for rHGGs, efficacy was

perceived to have been limited by the drug being given intrave-

nously five days per month, instead of being received continu-

ously, given terameprocol’s mechanism of transcriptional

inhibition.

Therefore, ABTC investigators hypothesized that the utility of

the drug, as a global transcriptional inhibitor, may be improved

further potentially through continuous administration. Given the

logistical constraints of extended intravenous dosing, an oral

formulation of terameprocol was developed to allow the dosing

schedule to be extended beyond 5 days a month if found safe

and tolerable. Preclinical toxicokinetic data fromdogs supported

this hypothesis (Tables S1–S3), where oral administration in a

continuous 28-day schedule was well tolerated and an increase

from 100 mg/kg/day of oral terameprocol up to 300 mg/kg/day

levels in males and 1,000 mg/kg/day in females resulted in

increased systemic exposure.31

Therefore, this pre-registered, multicenter, phase 1 clinical

trial was conducted to investigate the bioavailability, safety,

tolerability, MTD, and pharmacokinetics of oral terameprocol

administered five days per month to patients with high-grade gli-

omas (HGGs) in a 3 + 3 dose-escalation design (part 1). If the

5-day-per-month oral approach was deemed successful, then

this trial aimed to determine the intratumoral drug concentration

(part 2), followed by the determination of the maximum schedule

for safe continuous administration (part 3). These objectives

were in accordance with the recommendations by prior expert
2 Cell Reports Medicine 5, 101630, July 16, 2024
panels on the design of clinical trials for CNS drug delivery,3,5

with the trial protocol available in Supplemental Methods S1.

RESULTS

The trial began enrolling patients in May 2018 and ended in

March 2021. A total of 20 patients were enrolled in this phase 1

trial across five dose cohorts, with their baseline characteristics

reported in Table 1. The median age of trial participants was 60

years (range 31–80), median Karnofsky Performance Status was

90 (range 60–90), and median number of relapses was 1 (range

1–3). 70% of the participants were male, 90% were White, and

85% had grade 4 gliomas. All participants had received prior

radiotherapy. All patients had received systemic temozolomide

with radiotherapy previously as per standard-of-care treatment

for HGG in the first-line setting.

Overall, therewere 3, 7, 3, 3, and 4patients in the 1,200mg/day

without meal (dose level [DL]1fasted), 2,400 mg/day without meal

(DL2fasted), 3,600 mg/day without meal (DL3fasted), 6,000 mg/

daywithoutmeal (DL4fasted), and 6,000mg/daywithmeal (DL4fed)

cohorts, respectively. All patients received oral terameprocol on

days 1–5 every 28 days. One patient in the 2,400 mg/day dose

cohort who did not receive a single treatment dosewas excluded

from the analysis and 19 patients were, therefore, evaluated.

This trial enrolled the first three patients at DL1fasted of

1,200 mg/day in whom no DLT was seen (Table 2). Per protocol,

three patients were enrolled at DL2fasted of 2,400 mg/day. The

first patient in the DL2fasted cohort experienced a DLT (a Com-

mon Terminology Criteria for Adverse Events (CTCAE) grade 3



Table 2. Incidence and frequency of dose-limiting toxicities in the GATOR trial

Dose level

(mg/day) N

Grade 3–4

non-hematologic

toxicity

Grade 3–4 seizure

or intracranial

hemorrhage

ANC

<500/mm3

Platelets

<25,000/mm3

Febrile

neutropenia

<80% of expected

terameprocol dose

due to hematologic

toxicity

% of patients

with DLT per

dose level

1,200 3 0 0 0 0 0 0 0

2,400 3 1 0 0 0 0 0 33

2,400- EXP 4a 0 0 0 0 0 0 0

3,600 3 0 0 0 0 0 0 0

6,000 3 0 0 0 0 0 0 0

6,000 with meal 4b 0 0 0 0 0 0 0

ANC, absolute neutrophil count; EXP, expanded dose cohort
a1 patient out of the first 3 enrolled in the expanded 2,400 mg/day dose cohort was excluded due to deterioration prior to receiving therapy. Therefore

the patient was replaced.
b1 patient replaced (did not receive 80% of expected total dose during evaluation period).
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QTc prolongation) possibly related to terameprocol. Meanwhile,

the third patient in this cohort experienced a serious adverse

event (a CTCAE grade 4 borderline EKG criteria for myocardial

infarction and a grade 3 seizure, which required hospitalization).

The toxicities in the third patient were deemed unlikely to be

related to terameprocol and either probably or possibly related

to disease progression (Table 3). The safety data from

DL2fasted and all relevant documentation were sent to the

external Data Safety Monitoring Committee, which reviewed

and accepted the site investigator’s assessment that the third

patient’s death was unlikely to be related to terameprocol and

probably related to tumor progression. This patient ultimately

passed away from his disease. Thus, 1/3 of patients experienced

DLT in the DL2fasted cohort.

Per protocol, dose expansion at DL2fasted (2,400 mg/day) for

three additional patients was carried out with no additional

DLTs occurring. One patient completed enrollment in DL2fasted
(2,400 mg/day) but was unable to participate in the study. Subse-

quent dose escalation resulted in three patients being treated at

each of DL3fasted (3,600 mg/day) and DL4fasted (6,000 mg/day)

with no DLTs, both groups receiving medications without meals.

Onepatient inDL4fastedexperiencedanSAEwithagrade3seizure,

grade 2 fatigue, generalized muscle weakness, and gait distur-

bance, all deemed unlikely to be related to the study drug and

probably related to their disease (Table 3). Based on safety data

alone, the next step was to inititate DL5fasted (7,500 mg/day).

The results of the concurrent pharmacokinetic studies on

study participants, however, demonstrated that systemic drug

exposure remained consistently low despite increasing oral

dosage (Table 4). Maximal systemic exposure, as measured by

peak plasma concentration (Cmax, mean ± SD) for single dose

(cycle 1 day 1), increased only from 0.03 ± 0.01 mg/mL (DL1fasted)

to 0.20 ± 0.12 mg/mL (DL4fasted) and for multiple doses (cycle

1 day 4) from 0.03 ± 0.03 mg/mL (DL1fasted) to <0.20 mg/mL

(DL4fasted). Due to extremely poor absorption, the sampling

schema was inadequate to determine the half-life (T1/2) and

area under the plasma concentration–time curve to infinity (AU-

CINF) for the majority of patients due to poor r2 values or large

percent extrapolation. Among patients with available data, there

was a slight increase in total exposure (as measured by AUCINF)
through 3,600 mg/day dosing with a plateau at 6,000 mg/day af-

ter either single or multiple doses. AUCINF for cycle 1 day 1 of oral

dose for DL1fasted was 0.1 mg*h/mL (data from 1 single patient

reportable) and for DL4fasted was 1.9 mg*h/mL (data from 1 single

patient reportable). For cycle 1 day 4 dosage, AUCINF could not

be determined for DL1fasted, DL2fasted, and DL4fasted, while it was

2.5 ± 1.7 mg*h/mL (three patients evaluable) for DL3fasted. The

bioavailability was determined to be consistently around 2%

(Table 4).

The pharmacokinetic findings with oral dosing were discussed

between the pharmaceutical sponsor and ABTC investigators,

given that AUC with intravenous approach had reached

31.3 mg*h/mL in previous studies. Oral administration of terame-

procol was generally well tolerated. Toxicokinetic data from ex-

periments in dogswere also considered, where administration of

terameprocol, a highly lipophilic medication, under fed condi-

tions resulted in increased systemic exposure with increasing

oral doses (Tables S1–S3).31 Therefore, in an attempt to improve

oral bioavailability, the protocol was amended to remove the

requirement to take the oral drug on an empty stomach (Supple-

mental Methods S1). The participants were subsequently

required to consume a meal within 30 min before or 30 min after

taking the study drug. After protocol amendment, patients were

then enrolled in the 6,000 mg/day with food (DL4fed) cohort. Four

patients were included in DL4fed as the first patient had to be re-

placed due to noncompliance (6,000 mg/day was administered

on days 1–3, then 4,800 mg on day 4, with none administered

on day 5) and adverse events unrelated to the study drug. No

DLTs occurred in the DL4fed cohort.

However, there wasminimal improvement in the bioavailability

between fasted and fed patient populations. Comparing cycle

1 day 1 measurement between DL4fasted and DL4fed cohorts,

Cmax increased from 0.20 ± 0.12 mg/mL to 0.33 ± 0.31 mg/mL,

while AUCINF slightly went up from 1.9 mg*h/mL to 2.4 ±

1.8 mg*h/mL. For cycle 1 day 4 measurements, AUCINF values

for the two patients in the DL4fed cohort where data could be re-

ported were 2.2 mg*h/mL and 4.4 mg*h/mL. These results were

discussed by the ABTC central office with the pharmaceutical

sponsor, and it was jointly decided, as part of standard operating

procedure, to close the study due to the inability to reach the
Cell Reports Medicine 5, 101630, July 16, 2024 3



Table 3. Adverse events that were possibly, probably, or

definitely related to terameprocol administration across all

cycles (evaluable number of patients, N = 19)

No. of patients (%) Grade 1 Grade 2 Grade 3 Total

Alanine

aminotransferase

increased

2 (10.5%) – – 2 (10.5%)

Anemia 4 (21.1%) – – 4 (21.1%)

Anorexia 2 (10.5%) 1 (5.3%) – 3 (15.8%)

Arthralgia 1 (5.3%) – – 1 (5.3%)

Aspartate

aminotransferase

increased

1 (5.3%) – – 1 (5.3%)

Blood bilirubin

increased

1 (5.3%) – – 1 (5.3%)

Constipation 1 (5.3%) – – 1 (5.3%)

Diarrhea 2 (10.5%) – – 2 (10.5%)

Electrocardiogram QT

corrected interval

prolonged

– – 1 (5.3%) 1 (5.3%)

Fatigue 2 (10.5%) 2 (10.5%) – 4 (21.1%)

Fever 1 (5.3%) – – 1 (5.3%)

Gastrointestinal pain 1 (5.3%) – – 1 (5.3%)

Hyperglycemia 1(5.3%) – – 1 (5.3%)

Hyperkalemia – 1 (5.3%) – 1 (5.3%)

Hypernatremia 1 (5.3%) – – 1 (5.3%)

Hypertension 1 (5.3%) – – 1 (5.3%)

Hypocalcemia 1 (5.3%) – – 1 (5.3%)

Hypokalemia 1 (5.3%) – – 2 (10.5%)

Hypomagnesemia 3 (15.8%) 1 (5.3%) – 4 (21.1%)

Hyponatremia 3 (15.8%) – – 3 (15.8%)

Hypophosphatemia 1 (5.3%) – – 1 (5.3%)

Lymphocyte count

decreased

– 1 (5.3%) 1 (5.3%) 2 (10.5%)

Mouth sores 1 (5.3%) – – 1 (5.3%)

Muscle cramp 1 (5.3%) – – 1 (5.3%)

Muscle weakness

lower limb

1 (5.3%) – – 1 (5.3%)

Nausea 3 (15.8%) – – 3 (15.8%)

Platelet count

decreased

1 (5.3%) – – 1 (5.3%)

Rash, maculopapular 1 (5.3%) – – 1 (5.3%)

Vomiting 2 (10.5%) – – 2 (10.5%)

Weight loss 1 (5.3%) – – 1 (5.3%)

No grade 4 or grade 5 toxicity was found to be associated with terame-

procol.
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desired exposure of �31.3 mg*h/mL with the oral formulation.

Given the limited bioavailability and systemic exposure with

oral dose, further investigations on dose distribution (part 2)

and schedule expansion for continuous administration (part 3)

were not pursued. In context of the limited systemic exposure,

there were no partial or complete responses observed among

the 19 participants, as expected. The median treatment duration
4 Cell Reports Medicine 5, 101630, July 16, 2024
was 8.1 weeks (2.3–176 weeks). Trial participants went off treat-

ment either due to progressive disease (n = 17, 90%) or reasons

other than toxicity. The best response to the treatment was

stable disease among 6/19 patients (32%). The median overall

survival was 8.1 months (95% confidence interval (CI): 2.8–

10.8 months), while the median progression-free survival was

1.9 months (95% CI: 1.1–2.7 months) (Figure S1).

Thus, the trial dose escalation was terminated prematurely

based on pharmacokinetics data, available for 18 and 17 pa-

tients on days 1 and 4, respectively (Table 4). Planned parts 2

and 3 evaluating intratumoral drug concentrations and safety

of dosage extension from 5 to 30 days per month were not car-

ried out. No patients were off the treatment due to toxicity. Over-

all, adverse events that were considered possibly, probably, or

definitely related to terameprocol are described in Table 3.

CTCAE grade 3 or 4 adverse events considered unrelated or un-

likely to be related to terameprocol are described in Table S4.

DISCUSSION

Thousands of patients have been enrolled in neuro-oncology tri-

als in the past three decades, with limited results, indicating a

general failure to meaningfully improve upon existing drug thera-

pies, barring a few rare successes.3 These failures should inform

the baseline requirements for investigations of novel agents in

phase 2/3 trials, aswas carried out here.3 Clinical trials of intrave-

nous terameprocol conducted so far for various non-CNS tumors

provided a substantial rationale for further exploring its effects as

an anticancer drug, particularly throughdosing strategies permit-

ting continuous administration in amore feasible fashion.32 How-

ever, treating patients with primary brain tumors presents unique

challenges and considerations.3–5 The initial trial of intravenous

terameprocol in patients with rHGGs, reported by Grossman

and colleagues in 2012, demonstrated the safety and feasibility

of the drug, although the 5-day-per-month dosing of teramepro-

col, a transcriptional inhibitor, potentially inhibited activity. Given

the intravenous route, daily administration was not feasible, and

hence a trial was warranted utilizing drug delivery approaches

permitting continuous administration.30 In this work, we report

the results of a phase 1 dose-escalation and drug-distribution

study of oral terameprocol in patients with rHGGs, i.e., WHO

grade 3 and 4 gliomas. In the current study, dose escalation

from 1,200 mg/day to 6,000 mg/day did not lead to improved

oral bioavailability with saturable absorption at 6,000mg. Hence,

the decision to administer the drug with a meal to potentially in-

crease bioavailability was taken through a protocol amendment,

as justifiedby the preclinical data. However, the pharmacokinetic

data of study participants showed minimal improvement in the

bioavailability between fasted (a maximum of 2.5%) and fed (a

maximum of 4.0%) patient populations. These data were dis-

cussed with the investigating team and the pharmaceutical

sponsor, and the study was closed due to the inability to reach

the desired bioavailability with the oral formulation.

Prior trials have reported promising activity of terameprocol

when drug delivery has been adequate. Dunphy et al., in 2004,

had reported a phase 1 trial of intralesional injection of terame-

procol in three patients with refractory head and neck cancer.33

They had administered it intratumorally every week and



Table 4. Plasma pharmacokinetic parameters of patients administered oral terameprocol in the GATOR trial

Dose Cmax (mg/mL) Tmax (h) AUCINF (mg*h/mL) F (%) T1/2 (h)

Cycle 1 day 1

1,200 mg 0.03 ± 0.01 (3) 1.0 (1.0–2.0; 3) 0.1 (1) 0.1 (1) 1.9 (1)

2,400 mg 0.10 ± 0.05 (5) 2.1 (1.9–4.0; 5) 0.4, 0.7 (2) 0.4, 0.6 (2) 1.9, 6.2 (2)

3,600 mg 0.28 ± 0.19 (3) 4.0 (2.0–6.0; 3) 2.6 ± 2.3 (3) 2.3 ± 2.1 (3) 6.0 ± 0.6 (3)

6,000 mg fasted 0.20 ± 0.12 (3) 4.0 (2.0–4.0; 3) 1.9 (1) 1.7 (1) 8.0, 14.9 (2)

6,000 mg fed 0.33 ± 0.31 (4) 4.1 (1.2–6.1; 4) 2.4 ± 1.8 (3) 2.2 ± 1.6 (3) 6.6 ± 2.2 (3)

Cycle 1 day 4

1,200 mg 0.03 ± 0.03 (3) 3.9 (2.0–4.1; 3) NR (0) NR (0) 2.6, 3.1 (2)

2,400 mg 0.10 ± 0.06 (5) 2.0 (1.9–4.1; 5) NR (0) NR (0) 24.8 ± 6.2 (3)

3,600 mg 0.25 ± 0.14 (3) 4.0 (2.0–6.0; 3) 2.5 ± 1.7 (3) 2.3 ± 1.5 (3) 6.5 ± 0.8 (3)

6,000 mg fasted 0.1, 0.15 (2) 2.0, 4.0 (2) NR (0) NR (0) 14.9 (1)

4,800 mg fed 0.23 (1) 5.9 (1) NR (0) NR (0) 10.7 (1)

6,000 mg fed 0.60 ± 0.57 (3) 8.0 (4.0–8.0; 3) 2.2, 4.4 (2) 2.0, 4.0 (2) 5.2, 6.5 (2)

Note: data are presented as the arithmetic mean ± SD (N). Tmax is presented as median (range; n). If n < 3, the actual values are reported; AUCINF, area

under the plasma concentration-time curve to infinity; Cmax, peak plasma concentration; F, bioavailability; NR, not reportable; Tmax, time to peak con-

centration; T1/2, half-life.
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demonstrated total necrosis of the injection site in 2/3 of patients

who received three weekly doses at 10–15 mg/cm.33 Goel et al.,

in 2007, had reported the results of a dose-escalation trial of

intravenous terameprocol in 29 advanced refractory solid tu-

mors. They demonstrated DLT at 3,300 mg/day, along with par-

tial response in 1/29 and stable disease in 6/29 patients.34 More

recently, Tibes et al., in 2015, reported findings from a phase 1

trial of intravenous terameprocol in 16 patients with advanced

acute myeloid leukemia or myelodysplastic syndrome.32

Enrolling four, five, and six patients in 1,000, 1,500, and

2,200 mg/day dose cohorts, they found no DLT, along with par-

tial remission in one patient and stable disease in five individuals.

Terameprocol’s potential antitumor mechanistic activity has

been well demonstrated. While NDGA has been historically

used for various medicinal purposes,7 its derivative teramepro-

col has multipronged action in targeting the expression of Sp1-

regulated genes, especially survivin and Cdc2/Cdk1.19,23,26–28

Sun et al. validated terameprocol’s inhibition of survivin and

Cdk1 and also demonstrated its radiosensitizer action in non-

small-cell lung cancer cell lines.35 Along with its antiviral action

against HIV, HPV, and HSV, recent reports have also indicated

terameprocol’s activity against West Nile virus and Zika vi-

rus.10–14,36 Antiviral activity has been reported to be secondary

to disruption of cellular lipid metabolism, likely through inhibiting

the sterol regulatory element-binding protein pathway.36 Target-

ing of survivin, which is highly expressed in HGG cells, through

peptide vaccine conjugate has also resulted in promising clinical

data published recently,37 and potential remains for combinato-

rial therapy. Future trials of terameprocol for glioblastoma may

consider utilizing phenylalanine as a biomarker for better assess-

ment of drug activity, as described recently through a combina-

tion of Ramanmicroscopy and computational analysis to identify

structural changes in glioblastoma bio-signatures.38

In conclusion, while oral terameprocol was found safe in pa-

tients with rHGG, poor absorption resulted in inadequate

systemic exposure, thus limiting interpretations related to its po-
tential efficacy. These findings also demonstrate the pharmaco-

kinetic challenges of oral terameprocol and warrant trials inves-

tigating approaches that provide continually high systemic drug

levels to fully exploit the therapeutic potential of transcriptional

inhibitors.
Limitations of the study
First, the trial had to be closed early due to the failure to reach

increased systemic exposure with increasing oral dosage of ter-

ameprocol in part 1 of the study. Thus, interpretations regarding

clinical efficacy remain limited since adequate systemic expo-

sure could not be achieved. Additionally, limited details were

available regarding the tumor molecular profiling, such as isoci-

trate dehydrogenase (IDH) mutation and O6-methylguanine-

DNA methyltransferase (MGMT) promoter methylation status,

as testing for these characteristics at baseline was not consid-

ered a part of the standard-of-care HGG workup at the partici-

pating North American institutions at the time the trial was de-

signed in 2014. Extended time was later needed to obtain

support to conduct the trial with NCI support. The trial ultimately

enrolled patients from May 2018 to March 2021. Information

collection related to molecular characteristics not being speci-

fied in the protocol and study closure at all participating sites

precluded investigators from obtaining data on IDH mutation

and MGMT promoter methylation status after the completion

of the trial.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Terameprocol (Study Intervention/Drug) Erimos Pharmaceuticals EM-1421

Biological samples

Individual Patient Data in GATOR trial This paper To be made available upon request to Manmeet S Ahluwalia,

MD (manmeetA@baptisthealth.net)

Deposited data

Preclinical toxicokinetic data Charles River Associates Figshare data: https://doi.org/10.6084/m9.figshare.25966069

Software and algorithms

SAS SAS Institute (Cary, NC, US) RRID:SCR_008567; https://www.sas.com/en_us/home.html

Phoenix WinNonlin Certara (Radnor, PA, US) RRID:SCR_024504; https://www.certara.com/

software/phoenix-winnonlin/

Other

NCI Protocol Identifier National Cancer Institute ABTC-1401

Trial Registration ClinicalTrials.Gov NCT02575794
RESOURCE AVAILABILITY

Lead contact
Further information and requests for individual patient data (IPD), especially for IPD meta-analysis, should be directed to and will be

fulfilled by the lead contact, Manmeet S. Ahluwalia, MD, MBA (manmeetA@baptisthealth.net), upon reasonable request, completion

of data-sharing agreements with ABTC, and approval by all regulatory authorities.

Materials availability
This study did not generate new or unique reagents.

Data and code availability
Themethodology and findings of the preclinical toxicokinetic study are available on Figshare31 and Tables S1–-S3, respectively. The

final amended version of the clinical protocol is available in the Supplemental Methods S1. This paper does not report any original

code. The IPD data reported based on the clinical trial cannot be deposited in a public repository secondary to patient privacy con-

cerns. The comparatively low incidence of high-grade gliomas overall, the IND status and non-standard-of-care-usage of trial medi-

cation (Terameprocol), and the limited sample size of the trial – all of these factors allow patients to be potentially deidentified from

online publicly available datasets. For access to the data, please submit a request for access jointly to the lead contact (manmeetA@

baptisthealth.net), the Adult Brain Tumor Consortium (ABTC)Manager (jfisher@jhmi.edu), and the ABTC data coordinator (ndanda1@

jhmi.edu). The ABTC Central Office, located at Johns Hopkins University, Baltimore, MD, USA, has the primary responsibility of data

storage and management. Upon receiving a request, the ABTC Central Office will review the request and if approved, work with the

requestor to securely transmit the clinical trial data in a HIPAA-compliant manner. Detailed questions on submitting a request can

also be directed to the ABTC manager or the data coordinator. The requestor must describe the objectives of the research project

for which the data will be used. Data access will be considered for research purposes and non-commercial use only. In order to

ensure patient privacy, access to personally identifiable information or sensitive clinical information will not be provided, and requests

for data access must rigorously adhere to the consent agreements established with study participants. Any additional information

required to reanalyze the data reported in this work paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Trial participants
Eligible study participants were at least 18 years of age with histologically confirmed supratentorial HGG (grade III or IV glioma) that

had been progressive or recurrent following radiation therapy and chemotherapy. All subjects had histological confirmation of HGG

(glioblastoma, anaplastic astrocytoma, anaplastic oligodendroglioma, high-grade astrocytoma, NOS [nomenclature according to the
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2016 World Health Organization grading of gliomas] by either biopsy or resection. Patients were required to have measurable

contrast-enhancing disease by MRI imaging within 21 days of starting treatment and to have recovered from any severe toxicity

of prior therapy. Normal hematologic, renal, and hepatic function were required, along with a Karnofsky performance status of

R60%, a Mini-Mental State Examination (MMSE) score of R15, and the ability to provide written informed consent. All patients

with the potential for pregnancy or impregnating their partner had agreed to follow acceptable birth control methods, and women

of childbearing potential were required to have a negative pregnancy test result. Patients on either enzyme-inducing or non-enzyme

inducing antiepileptic drugs were eligible (30). Patients were excluded if they had a serious concurrent medical illness, infection, or

malignancy; if they had a known sensitivity to terameprocol or any formulation excipients; if they were pregnant or breastfeeding; if

they if they had a QTc(F)R450 mS; or if they were receiving recent anti-cancer therapy for their brain tumor (within 2–12 weeks, de-

pending upon therapy) or specific hepatic enzyme inducers or inhibitors (Supplemental Methods S1). Participants were included after

protocol approval by local Institutional Review Boards (IRBs) of all involved trial sites (Johns Hopkins Medicine IRB, Cleveland Clinic

IRB, University of Pennsylvania IRB, Henry Ford Hospital IRB, Memorial Sloan Kettering Cancer Center IRB, University of Alabama at

Birmingham IRB, University of Pittsburgh IRB, Wake Forest Health Sciences IRB), fulfillment of all regulatory requirements, and ob-

tention of informed consent for participation from participants or their surrogate decision-makers. Demographic information and

baseline clinical characteristics of included participants are described in Table 1.

METHOD DETAILS

Study design and reporting
The present work was a prospectively registered, phase 1, open-label, multicenter trial of oral terameprocol in patients with recurrent

HGGs. The study was conducted through the National Cancer Institute (NCI) Adult Brain Tumor Consortium (Reference Code: ABTC-

1401), whose predecessor was the New Approaches for Brain Tumor Therapy (NABTT) Consortium.39,40 The current work was con-

ducted and reported following the Consolidated Standards Of Reporting Trials (CONSORT) guidance.41

Study phases and objectives
The work was planned to be conducted in three sequential parts. For part 1 of the study, the primary objective was to estimate the

maximum tolerated dose (MTD) of terameprocol given orally on days 1–5 every 28 days in patients with recurrent HGG, i.e., a classic

dose-escalation design. If the oral dosing for terameprocol was found to be tolerable and provided reasonable bioavailability in part 1

of the trial, then part 2 of the study aimed to determine the drug’s intratumoral concentration. Part 3 then aimed to determine the

maximum schedule for safe continuous oral administration, from 5-day-a-month to potentially once daily, as further pre-specified

in the clinical trial protocol (Supplemental Methods S1).

Study intervention
Erimos Pharmaceuticals (Houston, TX, US) provided formulated terameprocol in the form of 1-mL soft-gelatin capsules, with each

capsule containing 300 mg of drug. In the NABTT-0503 trial (NCT00404248) in high-grade gliomas by Grossman et al., the MTD of IV

terameprocol given once a day for five consecutive days monthly had been established at 1,700 mg/day.30 To estimate an initial safe

dose for the oral formulation, the drug was administered orally once a day for five consecutive days each month at an initial dose of

1200 mg daily in this trial.

Trial conduct and assessment
Part 1 of the present trial aimed to define the safety, tolerability and MTD for terameprocol administered orally five days per month,

using a standard 3 + 3 design for dose-finding. The starting dose of oral terameprocol of 1200mg/day was self-administered daily for

5 days every 28 days on an empty stomach. This was concordant with prior dog toxicokinetic data and Grossman et al.’s prior trial,

being �71% of the MTD of 1700 mg/day in the trial for IV formulation. Notably, tumor molecular characteristics, including MGMT

promoter methylation and IDHmutation status, were planned to be evaluated in later phases of the trial, as thesewere not considered

a part of standard-of-care HGG workup at the time of trial design at the participating institutions.

The standard 3 + 3 design was planned for dose finding in part 1. Up to six pre-specified dose levels of terameprocol were planned

to be tested. If the MTD was not reached at the highest dose being tested, the highest dose was considered safe to take into Parts 2

and 3 of the study. Dose level (DL) 1 (starting dose) was 1200 mg/day with, DL2 was 2400 mg/day, DL3 was 3600 mg/day, DL4 was

6000 mg/day, DL5 was 7500 mg/day, DL6 was 9000 mg/day. Doses were scheduled to be escalated until the MTD was established

based on the number of dose-limiting toxicities (DLTs), defined as clinically significant adverse event or abnormal laboratory values

assessed as unrelated to disease progression, intercurrent illness, or concomitant medications andmeeting any of the criteria below.

A. Criteria for hematological DLTs included an absolute neutrophil count of <500/mL, a platelet count of <25,000/mL, febrile neu-

tropenia, any hematological toxicity preventing administration of >80% of planned terameprocol dose for the first cycle. Grade 3 or 4

lymphopenia was not considered DLT.

B. Criteria for non-hematological DLT included grade 3–4 seizure or intracranial hemorrhage; grade 3–4 severity except alopecia;

grade 3 hyperglycemia; nausea/vomiting/diarrhea without sufficient prophylaxis lasting %3 days; grade 3 electrolyte disturbances

that are asymptomatic and that respond to replacement therapy within 3 days; the first episode of deep venous thrombosis or
e2 Cell Reports Medicine 5, 101630, July 16, 2024
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pulmonary embolism; grade 3 QT interval corrected with Fridericia formula (QTcF). All other grade 3 neurological toxicities that re-

sponded to steroids within 3 days, anticonvulsants, or electrolyte correction were not considered DLT.

All patients who received at least one dose of terameprocol were evaluable for toxicity assessment. Patients who went off treat-

ment for reasons other than toxicity and patients who were administered less than 80% of their expected dose of terameprocol in the

study cohort were not evaluable for DLT. The targeted DLT rate was 33% and the dose escalation took a stepwise fashion. However,

the dose determination was not only based on the safety, but also the drug concentration level in the plasma during the trial. The

toxicity evaluation period was the first 4 weeks of treatment. Any DLT (as defined above) causing delay in treatment of over

21 days without recovery to % grade 1 or baseline status resulted in taking the patient off treatment.

Patient pharmacokinetics were assessed during the course of the trial to monitor for saturable absorption at higher doses of ter-

ameprocol and to ensure that the previously achieved median AUC (31.3 mg*h/mL) from the 1700 mg/day MTD of IV terameprocol

was not exceeded. Oral administration was initially planned in the fasted state. However, in-study observation of saturable absorp-

tion at higher oral doses and the results of a pharmacokinetic investigation in dogs (Tables S1–S3) where administration of doses of

oral terameprocol shortly after feeding resulted in dose-related increases in systemic exposure of the lipophilic medication terame-

procol resulted in a trial protocol amendment to administer oral terameprocol in the fed state in the current study. This amendment

and results thereof are discussed further in the results section.

Provided the 5-day-per-month oral dosing for terameprocol was found to be tolerable and provided reasonable bioavailability in

part 1 of the trial, then part 2 of the study aimed to determine the drug’s intratumoral concentration and part 3 aimed to determine the

maximum schedule for the safe continuous oral administration, from 5-day-a-month to potentially once daily. However, parts 2 and 3

were ultimately not carried out due to insufficient bioavailability with oral dosing.

QUANTIFICATION AND STATISTICAL ANALYSIS

Pharmacokinetic analyses
Blood samples were collected on cycle 1 day 1 and 4 prior to terameprocol administration and at 0.5, 1, 2, 4, 6, 8, and 24 h after the

dose. Samples were processed immediately by refrigerated (4�C) centrifugation for 10 min at 1800xg to obtain plasma. The plasma

samples were stored at�70�C until analysis using a validated liquid chromatography-mass spectrometry assay over the range of 5–

1000 ng/mL with dilutions of up to 1:10 (volume by volume) as previously described.42 Pharmacokinetic parameters were calculated

from individual terameprocol concentration-time data using standard noncompartmental methods as implemented in Phoenix

WinNonlin version 8.4 (Certara, Radnor, PA, US; RRID:SCR_024504). Bioavailability was compared to the median AUC value of

31.3 mg*h/mL obtained with the 1700 mg IV dose. Pharmacokinetic parameters were summarized descriptively (Table 4).

Statistical analyses
Baseline patient and disease characteristics were summarized using descriptive summaries. All adverse events were graded accord-

ing to Common Terminology Criteria for Adverse Events (CTCAE) version 5.0. Adverse events that were deemed possibly, probably,

or definitely attributed to terameprocol were summarized using descriptive statistics. The OS was defined as the time from the trial

registration date to the date of death due to all causes or censored if the patient was last known alive before the data cut-off. The PFS

was defined as the time from the trial registration to the date of disease progression or censored if the patient is still on treatment or

censored at the date last known free of progressive disease. Median OS and PFS were estimated using the Kaplan–Meier method,43

while their confidence intervals were constructed by the method of Brookmeyer-Crowley.44 All statistical analyses were performed

using SAS version 9.4 (SAS Institute, Cary, NC; RRID:SCR_008567). The graphical abstract was created using Biorender (https://

biorender.com/).

ADDITIONAL RESOURCES

The study medication had investigational new drug (IND) status by the Center for Drug Evaluation and Research (CDER) of the US

Food and Drug Administration (IND number 127,108). The trial was prospectively registered on ClinicalTrials.Gov (NCT02575794),

with the final amended protocol available in Supplemental Methods S1. The access website is as follows: https://clinicaltrials.

gov/ct2/show/NCT02575794.
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