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Abstract
Background. This multi-institutional phase I trial aimed to determine the maximum tolerated dose (MTD), dose-limiting 
toxicities, pharmacokinetics, and preliminary antitumor activity of berubicin (WP744 or RTA744), designed to cross 
the blood–brain barrier, in patients with primary brain cancers.
Methods. Thirty-five patients with recurrent or refractory primary brain cancers, including glioblastoma multiforme, 
received berubicin infusions over 2 h for 3 consecutive days (one course) every 21 days. Daily doses escalated from 
1.2 to 9.6 mg/m2 using an accelerated titration design. Plasma levels of berubicin were measured via high-performance 
liquid chromatography–tandem mass spectrometry to estimate pharmacokinetic parameters.
Results. The daily MTD was determined to be 7.5 mg/m2. Nonhematological toxicities were minimal; no cardiotoxicity 
was observed. In the intention-to-treat population (n = 35), 1 patient had a durable complete response, 1 had a partial 
response, and 9 had stable disease, corresponding to an objective response rate of 5.7% and a disease control rate of 
31.4%. In the response-evaluable subset (n = 25), the corresponding rates were 8% and 44%, respectively; these sec-
ondary estimates should be interpreted with caution as patients who discontinued early were excluded. Pharmacokinetic 
analysis determined a mean half-life of 32.8 h. The area under the curve increased proportionally with dose.
Conclusions. The tolerability and efficacy of berubicin, including one durable complete response, warrant continued 
development of the molecule. Berubicin shows activity over a range of doses, including a durable response at 2.4 
mg/m2. The recommended phase II dose is 7.5 mg/m2 infusions over 2 h for 3 days every 3 weeks.

Key Points

•	 Berubicin was safe at a daily maximum tolerated dose of 7.5 mg/m2; neutropenia was the 
main dose-limiting toxicity.

•	 In the intention-to-treat population, a 31.4% disease control rate was observed, with one 
complete response and one partial response (a 5.7% response rate).

•	 Activity was seen across multiple doses, including a durable response at 2.4 mg/m2.
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In the United States, the estimated number of new cases of 
brain and other nervous system cancer for 2024 is 25 400, 
with 18 760 related deaths expected.1 Glioblastoma multi-
forme (GBM) is the most common malignant primary brain 
tumor in adults and remains associated with very poor 
long-term survival. Highly invasive and virtually incurable, 
GBM has a 5-year overall survival rate of less than 7%.2 For 
several decades, the survival outcomes for patients with 
GBM have changed very little, with a median survival time 
of 14-16 months.3

For context, it is important to share that this study was 
conducted from November 7, 2005 (first patient enrolled) 
through November 14, 2008 (last patient completed). As this 
was before routine integration of molecular markers into 
glioma classification, histologies are described using termi-
nology current at the time of the study, with WHO 2021 ter-
minology provided where feasible.

The standard of care for newly diagnosed glioblastoma 
consists of maximal safe resection followed by concurrent 
radiation therapy with temozolomide, followed by adjuvant 
temozolomide.4,5 This treatment typically yields an increase 
in median survival from 12.1 to 14.6 months and an increase 
in 2-year overall survival to 27.2% (vs 10.9% with radiother-
apy alone).4 More recently, the addition of tumor-treating 
fields (TTFields) to maintenance temozolomide further 
improved outcomes.6

Despite advances in molecularly-defined subsets, out-
comes remain poor, particularly in recurrent glioblastoma.7,8 
There is no established standard of care for patients with 
recurrent disease and the median overall survival is less 
than 1 year. Although multiple systemic and immune-based 
strategies are under investigation, durable responses remain 
uncommon.9

The lack of permeability of the blood–brain barrier to most 
therapeutics limits treatment of this type of tumor. 
Temozolomide, a small lipophilic alkylating agent, crosses 
this barrier effectively, rendering it a viable chemotherapeu-
tic option for brain tumors. However, the continued devel-
opment of small molecules capable of crossing the 
blood–brain barrier, which evade efflux by active transport, 
is of critical importance.

Berubicin (WP744 or RTA 744) was designed from the con-
served doxorubicin molecular structure and tailor-made for 
improved lipophilicity, while preserving DNA binding and 
acting as a potent topoisomerase II poison. Structurally, the 
4′-O-benzyl substituent was covalently bound to the glycone 
ring of the anthracycline. Berubicin was selected from the 

screening of a series of modified anthracycline analogs as 
a lead compound for its ability to circumvent ATP-binding 
cassette transporters Multidrug Resistant Protein-1 (MRP1), 
P-glycoprotein (P-gp), and its ability to penetrate and cross 
the blood–brain barrier in preclinical studies,7 differentiating 
it from other clinically available anthracyclines. The mecha-
nism(s) of the cytotoxicity of berubicin seems to be similar 
to that of doxorubicin, and it is believed to be a topoisom-
erase II poison. With 50% inhibitory concentration values in 
the mid-nanomolar range, berubicin was observed to be a 
more potent topoisomerase II poison than doxorubicin in 
vitro.8 In preclinical trials, the molecule was shown to be 
active against multidrug-resistant tumors and able to over-
come efflux transporters.8,9 Berubicin has also been explored 
clinically outside primary GBM, including in studies of 
CNS-involved metastatic disease and leptomeningeal dis-
ease (ClinicalTrials.gov: NCT00538343, NCT00512460).

The strong preclinical data for berubicin in the setting of 
primary brain malignancies were sufficient to prompt this 
first-in-human, phase I trial (ClinicalTrials.gov: NCT00526812). 
To balance efficacy and safety while managing the 
dose-limiting toxicity (DLT) of myelosuppression, typical of 
anthracycline therapy, berubicin is administered via short 
daily intravenous infusion over 3 consecutive days every 3 
weeks. Of note, this dosing schedule matched the most com-
mon schedule of anthracycline dosing at the time the study 
was performed.10

The primary objectives of this study were to determine 
the DLTs and maximum tolerated dose (MTD) of berubicin 
administered as a 2-h intravenous infusion for 3 consecutive 
days every 3 weeks to patients with recurrent or refractory 
glioblastoma, astrocytoma, or other primary brain cancer. 
The secondary objectives were to characterize the 
multiple-dose pharmacokinetics of berubicin, document any 
potential antitumor activity in those patients with measur-
able disease, and correlate pharmacokinetic (PK) informa-
tion with clinical responses of safety and efficacy, aiming to 
define the recommended dose for future studies.

Methods

Of note, this study was conducted prior to WHO 2021 CNS 
tumor classification. Diagnoses were assigned per institu-
tional pathology criteria current at the time (∼2005-2008), 
and molecular markers (eg IDH, 1p/19q) were not systemat-
ically obtained.

Importance of the Study

This study highlights the potential of berubicin in patients 
with primary brain cancers, including glioblastoma mul-
tiforme. Due to its lipophilic properties, berubicin has 
been shown in preclinical studies to penetrate the 
blood–brain barrier, addressing a critical challenge in 
treating malignant gliomas. In the intention-to-treat pop-
ulation, berubicin achieved a 31.4% disease control rate 
and an observed response rate of 5.7% with minimal non-
hematological toxicity. The complete response observed 

supports further study, although its biological signifi-
cance is uncertain given the absence of molecular char-
acterization. These findings support further investigation 
of berubicin in phase II trials at the daily maximum toler-
ated dose of 7.5 mg/m2 and exploration of its use in com-
bination regimens or adjuvant settings. Additionally, the 
study adds to the fairly limited literature on effective 
chemotherapeutic agents for brain tumors and supports 
continued clinical investigation in high-grade gliomas.
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Patient Selection and Eligibility Criteria

Patients were enrolled in this phase I trial (NCT00526812) 
from 3 institutions in the United States: The University of 
Texas MD Anderson Cancer Center, The University of Texas 
Southwestern Medical Center in Dallas, and the University 
of California, Los Angeles, UCLA Medical School. Eligible 
patients were adults aged ≥18 years with histologically con-
firmed recurrent or refractory primary brain cancers for 
which there were no known effective therapies. There was 
no limit to the number of prior treatments or extent of sur-
gical resections, provided patients had a Karnofsky 
Performance Status (KPS) ≥60% and a projected life expec-
tancy of >12 weeks. Patients were required to have a prior 
histologic diagnosis of an anaplastic astrocytoma (AA), ana-
plastic oligodendroglioma (AO), anaplastic mixed oligoas-
trocytoma, GBM, or gliosarcoma (GS), based on tumor 
tissue obtained at initial diagnosis and/or a prior surgical 
procedure. Histologic confirmation was required for study 
eligibility, but repeat biopsy at the time of recurrence/pro-
gression was not mandated. Unequivocal evidence of recur-
rence or progression via neuroimaging procedure was 
required. Patients diagnosed with lower-grade gliomas were 
eligible if there was histological evidence that the tumor had 
progressed to a higher-grade malignancy as specified above.

Patients were required to have adequate hematologic and 
organ function, defined as hemoglobin ≥9 g/dL, absolute 
neutrophil count ≥1500/μL, platelets ≥100 000/μL, hepatic 
enzymes (aspartate aminotransferase [AST] and alanine 
aminotransferase [ALT]) ≤3× the upper limit of normal (ULN), 
total bilirubin ≤1.5× ULN, serum creatinine ≤1.5× ULN, and 
24-h creatinine clearance (CL) ≥50 mL/min. Any surgical 
resection prior to enrollment must have been performed at 
least 2 weeks before study entry, and patients must have 
fully recovered from any side effects of such therapy. Patients 
were required to be on a stable dose of corticosteroids for 
at least 7 days prior to magnetic resonance imaging (MRI) 
assessments and could not have any contraindication to MRI.

Exclusion criteria included significant hematopoietic, 
hepatic, or renal dysfunction or uncontrolled medical con-
ditions such as diabetes, active infection, HIV infection, 
hypertension, congestive heart failure, arrhythmias, or 
impaired cardiac function, as indicated by any of the follow-
ing: left ventricular ejection fraction <45% (as determined by 
multigated acquisition [MUGA] scan or echocardiogram), 
complete left bundle branch block, obligate use of a cardiac 
pacemaker, congenital long QT syndrome, significant bra-
dycardia, QTc >480 ms, angina pectoris, or myocardial infarc-
tion within 6 months prior to starting the study drug. Patients 
receiving medications known to cause QT interval prolon-
gation were also excluded. Additional exclusion criteria 
included therapeutic doses of warfarin, 24-h total urinary 
protein >500 mg, or receipt of the following types of prior 
or concurrent therapy (or failure to recover from the toxic 
effects of such therapy prior to study entry): investigational 
drugs within 4 weeks; chemotherapy within 4 weeks (6 
weeks for any nitrosourea or mitomycin-C, 2 weeks for vin-
cristine); metronomic daily dosing of chemotherapy agents 
(patients could be enrolled 1 week after discontinuation of 
these agents if the absolute neutrophil count had returned 
to ≥1000/μL and platelets to ≥100 000/μL); radiation therapy 
within 2 weeks; and biologic therapy, immunotherapy, or 

cytostatic agent therapy within 4 weeks. Patients with pre-
vious implantation of polifeprosan–carmustine wafers 
(Gliadel Wafer; Eisai Corporation, Woodcliff Lake, NJ) were 
eligible if there was evidence of disease progression and if 
the wafer was implanted at least 6 weeks prior to study entry.

Additional exclusion criteria were individuals who were 
pregnant or breastfeeding patients and those not using 
effective birth control, patients who had any surgery other 
than resection of a brain tumor within 2 weeks prior to study 
entry, and patients unwilling or unable to comply with the 
protocol.

Study Design

This was a phase I, multicenter, open-label, dose-escalation 
study of berubicin administered intravenously over 2 h daily 
for 3 consecutive days, repeated every 3 weeks (1 cycle). The 
starting dose of berubicin was 1.2 mg/m2 daily. Initial dose 
escalations proceeded according to an accelerated titration 
design, with each patient treated at twice the dose of the 
previous patient until any grade 2 or greater toxicity occurred. 
In the presence of grade 2 or 3 treatment-related toxicity in 
the first cycle (unrelated to disease progression, intercurrent 
illness, or concomitant medication), further dose escalations 
were performed according to a modified Fibonacci scheme, 
with cohorts expanded to 3 patients. If 2 of 6 patients in any 
dose cohort experienced a DLT, the previous dose level was 
declared the MTD. A minimum of 6 patients had to be treated 
at the MTD to confirm its status. If only 1 of 6 patients expe-
rienced a DLT, dose escalation could continue. Intra-patient 
dose escalation was not allowed.

Toxicities were graded according to the National Cancer 
Institute Common Terminology Criteria for Adverse Events 
(CTCAE) version 3.0.11 A DLT was defined as any grade 4 
hematologic toxicity; grade ≥3 neutropenic fever or nonhe-
matologic toxicity (excluding nausea, vomiting, or diarrhea 
that could be controlled with prophylactic therapy); grade ≥2 
proteinuria, hematuria, or neurotoxicity; or any serum creat-
inine or total bilirubin value >2× ULN. Grade 3 elevations of 
AST/ALT were considered DLT only if persistent for >7 days. 
Other toxicities considered to be DLTs were delays of more 
than 1 day in administering the second or third daily dose 
due to toxicity expected to lead to a DLT, or delays in starting 
the next cycle of treatment by more than 7 days to allow for 
recovery from toxicity occurring during the first cycle.

Berubicin was formulated and vialed by the University of 
Iowa Pharmaceutical Services Division, College of Pharmacy. 
It was provided by the study sponsor, Reata Pharmaceuticals, 
Inc. (Dallas, TX), as an aqueous solution in sterile 5 mL or 30 
mL vials containing 1 mg/mL of active pharmaceutical ingre-
dient in sterile water for injection, adjusted to pH 3 with 
hydrochloric acid. The final solution of berubicin was 
admixed in 250 mL of 10% dextrose in water and infused 
over 2 h at a rate of 125 mL/h via a patient’s central line.

Safety and Tolerability Assessments

At the start of each cycle, patients underwent a history and 
physical examination; assessment of performance status; 
coagulation studies, including fibrinogen and prothrombin/
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partial thromboplastin time; complete blood count with dif-
ferential; measurement of AST, ALT, total bilirubin, alkaline 
phosphatase, serum electrolytes, blood urea nitrogen, and 
creatinine; urinalysis; and documentation of measurable or 
assessable disease by physical examination and MRI. 
Adverse events were recorded throughout the study and 
graded according to CTCAE version 3.0.11 Due to the poten-
tial for cardiotoxicity, a class effect of anthracycline-based 
chemotherapies, routine 12-lead electrocardiograms, and 
MUGA scans or echocardiograms were performed after 
each cycle.

Efficacy analyses were performed on patients who 
received at least 2 cycles of treatment. Tumor restaging was 
performed every 2 cycles, and antitumor activity was 
assessed by radiologic image review based on Macdonald 
criteria.12 Time-to-event endpoints such as progression-free 
survival and overall survival were not prospectively or sys-
tematically collected as prespecified efficacy endpoints in 
this phase I study.

PK Analysis

The pharmacokinetics of berubicin were evaluated in plasma 
and urine during the first treatment cycle. The PK analysis 
set included all patients who took at least one dose, had no 
major protocol deviations/violations, and had at least one 
quantifiable plasma or urine concentration collected post-
dose. Blood samples were obtained from a peripheral vein 
contralateral to the infusion site on days 1-3 (during dosing) 
and at 24 and 48 h after the final dose, respectively. On day 
1, blood samples were collected at predose, 0.25, 0.5, 1, 2 
(end of infusion), 4, 6, 8, 12, and 24 h after the start of infu-
sion. On days 2 and 3, samples were collected at 2, 4, 6, 8, 
12, and 24 h after infusion start. A final blood sample was 
collected 48 h after the start of the third infusion. Plasma 
was isolated within 30 min of collection, centrifuged at 800 
× g for 15 min at 4 °C, and stored at −70 °C until analysis. 
Urine was collected over 24 h on day 1.

Plasma and urine concentrations of berubicin were mea-
sured using a validated liquid chromatography–tandem mass 
spectrometry method developed at The University of Texas 
MD Anderson Cancer Center. Plasma concentration–time 
data were analyzed using noncompartmental methods with 
WinNonLin version 5.0 (Pharsight Corporation, Mountain 
View, CA). Pharmacokinetic parameters, including maximum 
plasma concentration (Cmax), area under the concentration–time 
curve (AUC), CL, volume of distribution, and half-life (t1/2), 
were calculated.

Statistical Analysis

All statistical analyses of PK data were performed using 
Phoenix WinNonlin version 8.2 (Certara USA, Inc., Princeton, 
NJ) and SAS version 9.1.3 (SAS Institute Inc., Cary, NC). 
Pharmacokinetic parameters were listed for each patient and 
summarized by dose level using descriptive statistics. 
Summary statistics included the number of observations 
(n), arithmetic mean, SD, coefficient of variation (CV%), min-
imum, median, and maximum values. Geometric mean and 

geometric CV% were calculated for all PK parameters except 
for time to maximum concentration (tmax).

Individual plasma concentration–time profiles were plot-
ted for each dose level, and mean concentration–time 
profiles were presented as arithmetic mean ± SE.

Assessment of Dose Linearity

Dose linearity of berubicin pharmacokinetics was evaluated 
using a power model. The relationship between dose and 
PK parameters—specifically, the Cmax after the third dose 
(Cmax of the third dose) and the area under the plasma 
concentration–time curve from time zero to infinity (AUC0-∞)— 
was assessed.

The linearized power model employed was:

ln lnY( ) = + × ( )α β dose

where:

•	 Y = the PK parameter of interest (Cmax of the third dose 
or AUC0-∞)

•	 α = the intercept (a constant)
•	 β = slope (indicator of dose proportionality)

Linear regression analyses were performed on the 
log-transformed data using the Proc REG procedure in SAS 
version 9.1.3. A dose-proportional response was considered 
when the slope (β) was close to 1.00, and the 95% CI for β 
included 1.00.

Data Sets Analyzed

All patients who were enrolled and treated were included 
in the safety population. The efficacy population was those 
patients who had received at least 2 cycles of treatment, had 
measurable disease at baseline, and for whom pre- and 
posttreatment MRIs were available. The MTD population 
included patients who either experienced a DLT during cycle 
1 or completed the full 3-day dosing regimen and at least 
18 days of follow-up with all scheduled safety assessments.

Results

Patient Characteristics and Treatments

The first patient was enrolled on November 7, 2005; the last 
patient completed on November 14, 2008. Patient character-
istics and prior treatment information are summarized in 
Table  1. Thirty-five patients (median age 50 years; range 
29-70 years) were enrolled across 5 dose levels of berubicin 
(1.2-9.6 mg/m2). The majority were men (69%). The KPS of 
patients ranged from 60 to 100, with a mean of 80. 
Histologically, 80% (n = 28) had GBM, 11% (n = 4) had AO, 6% 
(n = 2) had AA, and 3% (n = 1) had GS.

All patients had undergone one or more surgeries for 
brain tumors, most frequently gross total resection (n = 26; 
74%) followed by subtotal resection (n = 15; 43%) and biopsy 
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only (n = 12; 34%). Additionally, all patients had previously 
undergone chemotherapy and radiation therapy.

Eight patients (23%) discontinued the study early (3 patients 
because of clinical deterioration and 5 others because of pro-
gressive disease [PD]) prior to initiating a second course of 
therapy and were not eligible for efficacy evaluation. An 

additional 2 patients (5.7%) were not included in the efficacy 
population as they did not have measurable disease at base-
line, leaving 25 of the 35 enrolled patients evaluable for radio-
graphic response.

Safety and Tolerability

A total of 33 of the 35 enrolled patients met all requirements 
to be included in the dose-escalation study, the results of 
which are summarized in Table 2. At the initial dose level of 
1.2 mg/m2, 1 patient was treated without incident. At 2.4 mg/m2,  
3 patients were enrolled; there were no CTCAE grade 2 or 
higher DLTs. Dose escalation proceeded to 4.8 mg/m2, where 
one patient was treated without any CTCAE grade 2 or 
higher DLTs. Dosing was escalated to 9.6 mg/m2.

During cycle 1, at the 9.6 mg/m2 dose level, significant 
toxicities emerged among the 7 patients receiving treat-
ment; DLTs were reported in 3 patients (43%)—neutropenia 
alone in one patient, hydrocephalus in one, and fatigue, 
muscle wasting, and thrombocytopenia in another patient 
with neutropenia. Per protocol, the dose was reduced to 7.5 
mg/m2, and 20 patients were treated at this dose. As only 2 
(10%) patients experienced DLTs at this reduced dose (hypo-
kalemia and fatigue), the MTD was determined to be 
7.5 mg/m2.

Non-DLT treatment-emergent adverse events were pre-
dominantly grade 1-2 and were managed with routine sup-
portive care. The most frequent events (≥10% of patients) were 
gastrointestinal or systemic in nature, led by fatigue (42.6%), 
headache (40.7%), nausea/vomiting (27.8%), and constipation 
(24.1%). Hematologic laboratory abnormalities—primarily 
transient lymphopenia (53.7%) and leukopenia (37.0%)—were 
also common. Neurologic manifestations consistent with 
underlying disease (pyramidal-tract signs, gait disturbance, 
and speech disorder) occurred in roughly one-third of patients 
but did not require dose modification. Serial MUGA and echo-
cardiography assessments showed no clinically meaningful 
declines in left-ventricular ejection fraction. QT-corrected inter-
vals remained stable, with no new-onset arrhythmias, sup-
porting the absence of anthracycline-associated cardiotoxicity 
in this cohort.

Table 1.  Baseline patient characteristics (N = 35)

Characteristic Value

Age, years

  Median 50

  Range 29-70

Sex

  Male 24

  Female 11

Performance status (KPS)

  Median 80

  Range 60-100

Histology, no. of patients (%)

  Glioblastoma multiforme 28 (80%)

  Gliosarcoma 1 (3%)

  Anaplastic oligodendroglioma 4 (11%)

  Anaplastic astrocytoma 2 (6%)

Prior surgery for brain tumor

  Yes 35 (100%)

  No 0

Type of surgery

  Biopsy only 12 (34%)

  Subtotal resection 15 (43%)

  Gross total resection 26 (74%)

Prior chemotherapy

  Yes 35 (100%)

  No 0

Prior radiation

  Yes 35 (100%)

  No 0

Abbreviations: KPS, Karnofsky Performance Status.

Table 2.  Dose-limiting toxicities observed determining maximum tolerated dose

Daily dose (mg/m²) No. treated (n) No. with ≥1 DLT (n, %) DLTs observeda Action taken

1.2 1 0 (0 %) – Escalate

2.4 3 0 (0 %) – Escalate

4.8 1 0 (0 %) – Escalate

9.6 7 3 (43 %) Neutropenia (n = 2), 
thrombocytopenia (grade 4); 
hydrocephalus, fatigue, muscle 
wasting (grade 3)

De-escalate to 7.5

7.5 20 2 (10 %) Hypokalemia, fatigue (grade 3) Declared MTD

aGrades per CTCAE v3.0; only first-cycle events were counted as DLTs. At the 9.6 mg/m2 dose, 3 of 7 patients experienced ≥1 DLT: 2 with 
life-threatening neutropenia—1 of whom also had thrombocytopenia, fatigue and muscle wasting—and 1 with grade 3 hydrocephalus.
Abbreviations: CTCAE, Common Terminology Criteria for Adverse Events; DLT, dose-limiting toxicity; MTD, maximum tolerated dose.
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PK Evaluation

Pharmacokinetic sampling was conducted during the first 
treatment cycle, with samples collected from the start of the 
daily intravenous infusion of berubicin up to 48 h after the 
initiation of the final dose. Pharmacokinetic parameters for 
the full sampling regimen are summarized in Table 3 and for 
each dose in Table 4. At the 2 highest doses—7.5 mg/m2 and 
9.6 mg/m2—the Cmax observed at the end of the first day of 
administration were 16.3 and 14.9 ng/mL, respectively.

When data from all doses were combined, the mean termi-
nal t1/2 of berubicin was 32.8 h, and mean CL was 41.5 L/h/m2.  
Drug accumulation was evident after 3 consecutive days of 
infusion, with an accumulation ratio of 1.91 ± 0.21. The AUC 
for berubicin was proportional to the administered doses 
(data not shown), indicative of linear pharmacokinetics. 
Renal elimination of berubicin was minimal, as expected for 
an anthracycline, averaging 2.2 ± 1.1%.

Efficacy

Analyzing the more conservative intention-to-treat (ITT) 
population (n = 35), the overall response rate (ORR, defined 
as the proportion of patients achieving a complete response 
[CR] or partial response [PR] per Macdonald criteria) was 
5.7% (2 out of 35 patients). One patient achieved a CR 
(Figure 1), and another patient achieved a PR. Nine patients 
had stable disease (SD). Therefore, in the ITT population, 
the disease control rate (DCR), representing patients who 
achieved CR, PR, or SD, was 31.4% (11 out of 35 patients). 
These tumor responses per Macdonald criteria are sum-
marized in Table 5. While SD may be clinically relevant in 
recurrent glioblastoma, these findings should be inter-
preted cautiously in this small, nonrandomized phase I  
cohort.

Of the 35 patients enrolled in the study, 25 (71.4%) 
received at least 2 cycles of berubicin, had measurable 
disease at baseline, and had pre- and post-treatment MRIs 
available and were evaluable for response according to 
the Macdonald criteria. The most frequent reason for 
exclusion from the efficacy population was that patients 
did not receive at least 2 cycles of study drug (n = 8/35; 
22.9%). The other 2 participants not included in the efficacy 
population did not have measurable disease at baseline. 
Patients not receiving ≥2 cycles were considered 
nonresponders.

Among response-evaluable patients (n = 25/35; 71.4%), the 
ORR was 8% (2 out of 25 patients). Therefore, in the 
response-evaluable population, the DCR, representing 
patients who achieved CR, PR, or SD, was 44% (11 out of 25 
patients).

Discussion

This phase I study suggests that berubicin, administered at 
the daily MTD of 7.5 mg/m2, has preliminary antitumor activ-
ity and an acceptable safety profile in patients with recurrent 
high-grade gliomas. The findings support further evaluation 
of berubicin in phase II trials to assess its efficacy more 
comprehensively.

Ta
bl

e 
3.

 
Su

m
m

ar
y 

of
 b

er
ub

ic
in

 p
ha

rm
ac

ok
in

et
ic

 p
ar

am
et

er
s 

ov
er

 fi
rs

t d
os

in
g 

re
gi

m
en

G
eo

m
et

ri
c 

m
ea

n
 p

ar
am

et
er

s 
(C

V
%

)

D
o

se
  

(m
g

/m
²)

C
ss

  
(n

g
/m

L)
A

U
C

0-
la

st
  

(h
 ×

 n
g

/m
L)

A
U

C
0-

∞
  

(h
 ×

 n
g

/m
L)

t 1/
2 (

h
)

V
z (

L/
m

²)
C

L 
(L

/h
/m

²)
U

E
  

(μ
g

/m
² 

[2
4 

h
])

U
E

%
 (

%
)

1.
2 

(n
 =

 1
)

0.
76

4 
(N

A
)

68
.5

98
5 

(N
A

)
88

.0
27

 (
N

A
)

32
.0

63
9 

(N
A

)
18

91
.8

07
 (

N
A

)
40

.8
96

5 
(N

A
)

46
.4

00
 (

N
A

)
2.

10
0 

(N
A

)

2.
4 

(n
 =

 3
)

1.
72

9 
(2

3.
8%

)
15

0.
73

67
 (

24
.1

%
)

19
3.

86
54

 (
26

.7
%

)
34

.8
58

7 
(1

2.
5%

)
18

67
.7

45
 (

24
.0

%
)

37
.1

39
2 

(2
6.

7%
)

88
.4

57
 (

56
.2

%
)

1.
86

7 
(4

8.
9%

)

4.
8 

(n
 =

 2
)

2.
97

2 
(1

8.
3%

)
26

1.
49

08
 (

9.
3%

)
32

3.
37

81
 (

5.
8%

)
25

.4
37

4 
(4

5.
8%

)
16

34
.1

79
 (

39
.2

%
)

44
.5

29
9 

(5
.8

%
)

12
4.

06
9 

(4
9.

3%
)

1.
42

1 
(5

1.
3%

)

7.
5 

(n
 =

 2
0)

5.
46

1 
(4

3.
9%

)
44

5.
10

48
 (

45
.1

%
)

53
9.

09
03

 (
45

.7
%

)
27

.2
25

1 
(3

3.
0%

)
16

39
.3

26
 (

53
.7

%
)

41
.7

37
 (

45
.7

%
)

59
6.

92
6 

(8
3.

5%
)

4.
00

2 
(8

8.
8%

)

9.
6 

(n
 =

 7
)

5.
97

 (
49

.2
%

)
49

9.
66

04
 (

43
.5

%
)

66
3.

10
73

 (
43

.9
%

)
36

.3
20

7 
(5

0.
3%

)
22

75
.8

2 
(5

6.
8%

)
43

.4
31

9 
(4

3.
9%

)
25

5.
50

0 
(8

2.
8%

)
1.

36
0 

(6
8.

5%
)

Va
lu

es
 a

re
 p

re
se

nt
ed

 a
s 

ge
om

et
ric

 m
ea

ns
 (g

eo
m

et
ric

 C
V%

).
Ab

br
ev

ia
tio

ns
: A

UC
0-

la
st
: a

re
a 

un
de

r t
he

 p
la

sm
a 

co
nc

en
tra

tio
n–

tim
e 

cu
rv

e 
fro

m
 ti

m
e 

0 
to

 ti
m

e 
of

 th
e 

la
st

 q
ua

nt
ifi

ab
le

 c
on

ce
nt

ra
tio

n 
ca

lc
ul

at
ed

 b
y 

th
e 

lin
ea

r u
p/

lo
g 

lin
ea

r d
ow

n 
tra

pe
zo

id
al

 m
et

ho
d;

 A
UC

0-
∞
: a

re
a 

un
de

r t
he

 p
la

sm
a 

co
nc

en
tra

tio
n–

tim
e 

cu
rv

e 
fro

m
 ti

m
e 

0 
to

 in
fin

ite
 ti

m
e,

 c
al

cu
la

te
d 

as
 th

e 
su

m
 o

f A
UC

0-
la

st
 a

nd
 C

la
st
/λ

z, w
he

re
 C

la
st
 is

 th
e 

la
st

 o
bs

er
ve

d 
qu

an
tifi

ab
le

 c
on

ce
nt

ra
tio

n;
 C

L:
 to

ta
l b

od
y 

cl
ea

ra
nc

e;
 C

ss
: 

av
er

ag
e 

co
nc

en
tra

tio
n,

 c
al

cu
la

te
d 

as
 th

e 
ge

om
et

ric
 m

ea
n 

of
 c

on
ce

nt
ra

tio
ns

 o
ve

r t
he

 7
2-

h 
do

si
ng

 in
te

rv
al

; C
V%

, c
oe

ffi
ci

en
t o

f v
ar

ia
nc

e;
 N

A,
 n

ot
 a

pp
lic

ab
le

; t
1/

2: e
lim

in
at

io
n 

ha
lf-

lif
e 

as
so

ci
at

ed
 w

ith
 th

e 
te

rm
in

al
 

sl
op

e 
(λ

z) o
f t

he
 lo

g-
lin

ea
r d

ru
g 

co
nc

en
tra

tio
n–

tim
e 

cu
rv

e,
 c

al
cu

la
te

d 
as

 ln
(2

)/λ
z; U

E:
 T

he
 a

m
ou

nt
 o

f u
rin

ar
y 

ex
cr

et
io

n 
of

 b
er

ub
ic

in
 d

ru
g 

in
 th

e 
fir

st
 2

4 
h 

po
st

 d
os

e;
 U

E%
 T

he
 p

er
ce

nt
 o

f u
rin

ar
y 

ex
cr

et
io

n 
of

 b
er

ub
ic

in
 

dr
ug

 in
 th

e 
fir

st
 2

4 
h 

po
st

 d
os

e;
 V

z: v
ol

um
e 

of
 d

is
tri

bu
tio

n.



7
N

eu
ro-O

n
colog

y 
A

d
van

ces
Conrad et al.: Phase I of berubicin in refractory brain cancer

Unlike traditional anthracyclines, which cannot cross the 
blood–brain barrier, the lipophilic properties of berubicin 
enable it to penetrate this barrier effectively in preclinical 
studies. This unique characteristic provided the preclinical 
rationale for clinical investigation in brain tumors. However, 
direct CNS drug levels, intratumoral exposure, and pharma-
codynamic markers were not measured in this trial, so clin-
ical evidence of CNS target engagement remains indirect. 
The durable CR observed in one patient is notable—remission 
of disease at last check (∼19 years as of April 2025)—but its 
biological significance is uncertain given the diagnostic era 
and absence of molecular characterization.

The safety profile of berubicin was manageable, with neu-
tropenia, hypokalemia, hydrocephalus, fatigue, muscle 
wasting, and thrombocytopenia identified as DLTs. 
Non-hematological toxicities were generally mild and 
included fatigue, headache, nausea and vomiting, and con-
stipation. The tolerability of berubicin supports the feasibility 
of administering multiple treatment cycles without signifi-
cant delays or dose reductions, as evidenced by patients 
receiving up to 9 cycles.

In the ITT population (n = 35), the observed ORR was 5.7%, 
and the DCR was 31.4%. In the response-evaluable patient 
subset (n = 25), the corresponding rates were 8% and 44%. 
Note, however, that these secondary estimates are suscep-
tible to selection bias because patients who discontinued 
early were excluded. Taken together, these findings should 
be considered preliminary and hypothesis-generating, par-
ticularly given the small sample size, histologic heteroge-
neity, nonrandomized design, and absence of molecular 
profiling.

The current study supports feasibility and tolerability of 
dosing intravenously over 2 h daily for 3 consecutive days, 
repeated every 3 weeks at 7.5 mg/m2/day. However, as this 
trial was not designed to compare schedules, schedule opti-
mization would require prospective evaluation (eg PK/
PD-guided designs). Future clinical trials of berubicin are 
warranted to evaluate potential alternate dosing schedules 
and to assess its efficacy in combination regimens or as 
adjuvant therapy. These results support continued clinical 
evaluation of berubicin in high-grade gliomas.

While the results are encouraging, we acknowledge that 
they are largely hypothesis-generating at this point; they 
will need to be further supported with larger, well-designed, 
randomized clinical studies, including definitive molecular 
profiling.

Of particular importance is the absence of molecular pro-
filing. As molecular features commonly assessed today (eg 
IDH mutation status, 1p/19q codeletion) were not systemat-
ically assessed as part of this study, the results cannot fully 
be reclassified according to contemporary WHO criteria. This 
limits the interpretation of the results and introduces uncer-
tainty when comparing these results with modern studies 
of molecularly defined gliomas. Therefore, the present find-
ings should be interpreted primarily as evidence of safety, 
pharmacokinetics, and preliminary antitumor activity within 
a historically defined high-grade glioma cohort, rather than 
as estimates directly generalizable to current molecularly 
stratified glioma subgroups. This limitation is especially rel-
evant to the interpretation of the durable CR, as the possi-
bility of a more biologically favorable tumor subtype cannot 
be excluded.
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We acknowledge the substantial interval between study 
completion and publication. This delay reflects, in part, 
changes in development stewardship of berubicin over time 

Figure 1.  MRI of patient achieving complete response after 7 cycles of berubicin. A 52-year-old man with recurrent GBM that had progressed 
from AA experienced a complete response after 7 cycles of berubicin at a dose of 2.4 mg/m2/day. This CR was confirmed via follow-up MRI.  
(A) Before berubicin (January 20, 2006). (B) After 2 cycles (March 7, 2006). (C) After 6 cycles (July 11, 2006). (D) After 7 cycles (August 1, 2006).  
AA, anaplastic astrocytoma; CR, complete response; GBM, glioblastoma multiforme; MRI, magnetic resonance imaging.

Table 5.  Tumor response per Macdonald criteria

Response n (%) ITT (n = 35)
Evaluable 
(n = 25)

Responders 2 5.7% 8.0%

  CR 1 2.9% 4.0%

  PR 1 2.9% 4.0%

Non-responders 23 65.7% 92.0%

  SD 9 25.7% 36.0%

  PD 14 40.0% 56.0%

Non-evaluable (ITT) 10 28.6% –

Abbreviations: CR, complete response; ITT, intention-to-treat; 
PD, progressive disease; PR, partial response; SD, stable 
disease.

and the death of the original first author, which complicated 
completion of the manuscript.

The development of berubicin is currently concentrated 
in recurrent GBM (NCT04762069). In abstract-reported pre-
liminary results from this phase II trial, berubicin and lomus-
tine demonstrated similar OS and PFS outcomes.13 Note that 
the trial was not powered to determine noninferiority, and 
this preliminary analysis did not show statistically signifi-
cant superiority for berubicin.

Limitations

•	 While preclinical studies have shown berubicin effec-
tively crosses the blood–brain barrier (BBB) and is 
retained in brain and brain tumor tissue, direct confir-
mation of CNS penetration and target engagement in 
humans was not obtained in this trial—CSF drug con-
centrations, intratumoral exposure measurements, 
and pharmacodynamic biomarkers were not collected.
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•	 As the study was conducted before routine integration 
of molecular markers into glioma classification, histol-
ogies are described using terminology current at the 
time of the study.

•	 As overall survival and progression-free survival were 
not systematically collected, efficacy results do not 
include time-to-event analysis and are limited to radio-
graphic response-based assessments.

•	 Response-evaluable efficacy estimates are limited by 
exclusion of patients who did not complete ≥2 cycles, 
which may inflate response estimates.

•	 The observed efficacy should be interpreted cautiously 
given the relatively small sample size, heterogeneity 
of tumor types, and nonrandomized design.

Keywords

anthracycline | berubicin | blood–brain barrier | glioblastoma | phase I 
clinical trial
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