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Abstract 
Background.   Glioblastoma (GBM) has a median survival of <2 years. Pexidartinib (PLX3397) is a small-molecule 
inhibitor of CSF1R, KIT, and oncogenic FTL3, which are implicated in GBM treatment resistance. Results from 
glioma models indicate that combining radiation therapy (RT) and pexidartinib reduces radiation resistance. We 
added pexidartinib to standard-of-care RT/temozolomide (TMZ) in patients with newly diagnosed GBM to assess 
the therapeutic benefit of altering the tumor microenvironment with pexidartinib.
Methods.   In this open-label, dose-escalation, multicenter, Phase 1b/2 trial, pexidartinib was administered in com-
bination with RT/TMZ followed by adjuvant pexidartinib + TMZ. During Phase 1b, pexidartinib was given 5 or 7 days/
week at multiple dosing levels. The primary Phase 1b endpoint was the recommended Phase 2 dose (RP2D). Phase 
2 patients received the RP2D with the primary endpoint of median progression-free survival (mPFS). Secondary 
objectives were median overall survival (mOS), pharmacokinetics, and safety.
Results.   The RP2D of pexidartinib was 800 mg/day for 5 days/week during RT/TMZ, followed by 800 mg/day for 
7 days/week with adjuvant TMZ. mPFS was 6.7 months (90% CI: 4.5, 11.5) for the modified intention-to-treat popu-
lation. The actual mOS was 13.1 months (90% CI: 11.5, 24.5), and the mOS corrected for comparison with matched 
historical controls was 18.8 months (95% CI: 12.6, 28.0).
Conclusions.   This trial established the RP2D of pexidartinib in combination with RT/TMZ and adjuvant TMZ. 
Pexidartinib was generally safe and well tolerated. Although the study regimen with pexidartinib was not effi-
cacious, pharmacodynamic studies showed modulation of systemic markers that could lead to alteration of the 
tumor microenvironment.

Key Points

•	 The recommended Phase 2 dose of pexidartinib was 800 mg/day for 5 days/week with 
radiation therapy (RT)/temozolomide (TMZ) and 800 mg/day for 7 days/week with 
adjuvant TMZ.

•	 Pexidartinib combined with RT/TMZ and adjuvant TMZ did not improve median 
progression-free survival or median overall survival in glioblastoma.

•	 Pexidartinib induces systemic alterations that may impact the tumor microenvironment.

Phase 1b/2 study of orally administered pexidartinib in 
combination with radiation therapy and temozolomide 
in patients with newly diagnosed glioblastoma  
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Glioblastoma (GBM) is the most common primary malig-
nant brain tumor in adults1 and remains one of the most 
treatment-resistant solid tumors. Radiation therapy (RT) 
with concurrent temozolomide (TMZ) followed by adjuvant 
TMZ currently serves as the standard-of-care treatment 
for newly diagnosed GBM.2 However, median survival 
with standard therapy in modern clinical trials remains <2 
years,3,4 and the general failure of targeted immunotherapy 
and antibody-based therapies to improve survival in GBM 
highlights the need for further advances in treatment.

The tumor microenvironment (TME) plays a key role 
in the pathogenesis of GBM and is a potential target for 
novel therapies. Myeloid lineage, bone marrow–derived 
macrophages, and microglia represent the predominant 
immune cell population in gliomas.5 Evidence suggests 
that these cell populations play an important role in GBM 
biology, including promoting tumor progression and treat-
ment resistance. In particular, microglial markers are found 
in mesenchymal subtypes of GBM that have inferior sur-
vival,6,7 and the presence of infiltrating microglia correlates 
with inferior survival.8 In addition, a polymorphism (V249I) 
in the chemokine receptor CX3CR1 is associated with re-
ductions in microglial infiltration and increased survival 
in GBM patients.9 The low percentage of infiltrating T cells 
in GBM highlights the challenges for T-cell-based immu-
notherapy approaches in this tumor type, and the general 
failure to date of checkpoint inhibitors and T-cell-targeted 
therapies in GBM confirms that T-cell-only immunother-
apies are unlikely to be effective. Multiple studies indicate 
that T-cell entry and activation may be negatively regulated 
by microglia and macrophages in GBM.9,10 These observa-
tions suggest that targeting microglia and macrophages to 
modulate the GBM immune microenvironment, alone or in 
combination with T-cell-directed therapies, may be a more 
effective approach to immuno-oncology therapy in GBM.5

The feasibility and potential for targeting the microglia- 
and macrophage-regulated microenvironment as a thera-
peutic approach in GBM has been demonstrated at both 
the preclinical and human trial levels. Regulation of key 
components of the immune microenvironment including 
microglia, macrophages, osteoclasts, and mast cells is 
achieved via Fms (or CSF1R), the receptor for colony-
stimulating factor 1 (CSF-1, also known as macrophage 
colony-stimulating factor), and KIT, the receptor for stem 
cell factor (SCF). High levels of ligands for these regulators, 
CSF-1 and SCF, have been found in patient-derived glioma 
cell lines.11,12 Microglia depletion in orthotopic GBM models 

through inhibition of CSF-1 has been shown to decrease 
spread and tumor burden.12,13 Pexidartinib (PLX3397) is 
an oral, selective small-molecule inhibitor of CSF1R, KIT, 
and oncogenic FLT3 (the receptor for FLT3 ligand), making 
it an ideal candidate for a therapeutic approach aimed 
at altering the TME. Furthermore, pexidartinib has been 
evaluated in a prior Phase 2, single-agent clinical trial in 
recurrent GBM and was found to readily cross the blood–
brain barrier and be safe in humans.14

The proposed use of pexidartinib in newly diagnosed 
GBM is based on synergism of its impact on the TME and 
its potential role as a radiosensitizer. Multiple studies have 
indicated that macrophage/microglia content or state is 
associated with treatment resistance or increased risk of 
recurrence.12,15–17 In a prostate cancer model, resistance 
to irradiation was associated with higher levels of tumor-
associated macrophages and myeloid-derived suppressor 
cells, and treatment with pexidartinib resulted in increased 
radiation sensitivity in this model.18 Furthermore, preclin-
ical activity of pexidartinib has been shown to increase 
radiation sensitivity in distinct GBM models13,19 and to 
demonstrate single-agent activity.20,21 Another CSF1R in-
hibitor, BLZ945, has also shown similar activity in GBM 
models.12

In this study, we sought to explore the potential thera-
peutic benefit of pexidartinib, administered in combina-
tion with standard-of-care RT and concurrent and adjuvant 
TMZ, based on its influence on the TME and as a poten-
tial radiosensitizer in newly diagnosed patients with GBM. 
In an effort to reduce biases and increase power to reach 
reasonable efficacy conclusions, the inclusion/exclusion 
criteria of the current study were chosen to closely match 
those used in two large and well-powered Phase 3 trials in 
newly diagnosed GBM (RTOG 0525 and RTOG 0825). This 
approach ensured that the patient population enrolled in 
this study closely matched the control groups accrued in 
those larger trials, facilitating a more equitable comparison 
with historical controls. Detailed pharmacokinetic (PK) and 
pharmacodynamic (PD) endpoints were defined to ensure 
confidence in the concentration and biologic activity of the 
drug in this population. The specified PK measurements 
were defined based on a prior Phase 2 presurgical study14 
to ensure that circulating drug levels and expected brain 
concentrations were reached. PD biomarkers from blood 
including circulating plasma CSF-1 and CD14dimCD16+ 
mononuclear cell counts, both responsive to pharmaco-
logic inhibition of CSF1R kinase, were evaluated.

Importance of the Study

Glioblastoma has a dismal prognosis with no signifi-
cant improvements in outcomes in decades despite 
clinical trials exploring novel treatment approaches. 
We explored the potential therapeutic benefit of al-
tering the tumor microenvironment with pexidartinib, a 
small-molecule inhibitor, in combination with standard-
of-care treatment for newly diagnosed glioblastoma. 
Pexidartinib altered systemic markers that could lead to 

the alteration of the tumor microenvironment but did not 
improve progression-free or overall survival. The use 
of identical eligibility criteria and treatment scheduling 
parameters relative to defined historical controls in re-
cent Phase 3 trials, as employed in this study, may over-
come some limitations associated with a single-arm, 
nonrandomized Phase 2 design.
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Materials and Methods

Study Design

This was a prospective, open-label, dose-escalation, 
multicenter, Phase 1b/2 study of orally administered 
pexidartinib in combination with RT and TMZ in patients 
with newly diagnosed GBM; it was designed to evaluate 
the safety, tolerability, and efficacy of pexidartinib. Nine 
high-volume brain tumor centers from different regions 
of the United States took part and enrolled patients in this 
study (Supplementary Table 1). Approval for this study was 
obtained from each site’s institutional board review, and 
informed consent was obtained from all patients prior to 
participation in the trial. The primary objective of Phase 1b 
was the identification of the recommended Phase 2 dose 
(RP2D). For Phase 2, the primary objective was the deter-
mination of the median progression-free survival (mPFS). 
Secondary objectives were the evaluation of median 
overall survival (mOS) compared with historical controls, 
PK, safety, and the exploratory endpoint of PD effects of 
pexidartinib.

The results from our study were compared with those 
from historical controls from clinical trials RTOG 0525 and 
RTOG 0825.3,4 The inclusion and exclusion criteria of this 
protocol were specifically written to match those of these 
prior Phase 3 studies to ensure those studies provided rea-
sonable historical controls for statistical analysis of this 
study. In addition, the start date of treatment (first day 
of radiation) was corrected to align day one of treatment 
in the current protocol with those of the RTOG 0525 and 
RTOG 0825 studies to increase the accuracy of the compar-
ison of mPFS and mOS relative to each of those trials.

Patient Selection

Eligible patients were 18 years or older with newly diag-
nosed GBM (by 2016 WHO definition) or gliosarcoma that 
was histologically confirmed by partial or gross total resec-
tion, with at least 20 unstained slides available. Patients 
had Karnofsky performance status (KPS) scores of ≥70 
and adequate hematologic, hepatic, and renal function 
by laboratory testing. The study protocol required that RT 
was received at the participating institution. Exclusion cri-
teria included stereotactic biopsy only, recurrent GBM or 
metastases, use of carmustine wafers, and/or prior treat-
ment with RT, chemotherapy, or other intratumoral or 
intracavitary treatment.

Treatment

In the Phase 1b portion, all patients received a priming 
dose of 1 week of pexidartinib monotherapy given either 
continuously (twice daily for 7 days/week) or intermittently 
(twice daily for 5 days/week Mondays through Fridays 
[M–F]) with Day 1 considered the first day of the cycle 
(C1D1). Following this (C1D8), they received standard-of-
care combination RT/TMZ with concurrent pexidartinib 
given either twice daily for 7 days/week or twice daily 

for 5 days/week M–F. Subsequently, after a 4-week rest 
period without treatment, all patients received adjuvant 
TMZ at standard doses (Days 1–5 of a 28-day cycle) with 
the addition of pexidartinib twice daily (Days 1–28 of the 
same cycle) for as long as there was no disease progres-
sion or unacceptable toxicity. Two pexidartinib dose levels 
(800 and 1000 mg) were initially planned, with one or 
more lower doses to be evaluated if the starting dose of 
800 mg/day was above the maximum tolerated dose. TMZ 
was given up to 12 adjuvant cycles whereas there was 
no limit on the number of cycles of adjuvant pexidartinib 
(Supplementary Figure 1).

In the Phase 2 portion, patients were treated with the 
same schedule as outlined above but with concurrent and 
adjuvant pexidartinib given twice daily for 5 days/week (in-
termittent dosing) at the RP2D level determined in Phase 
1b. In both phases, RT consisted of 2 Gy given once daily 5 
days/week (M–F) (total RT dose of 60 Gy using either con-
formal or intensity-modulated radiation treatment plan-
ning); oral TMZ (75 mg/m2/day) was administered once 
daily 7 days/week. After the first cycle of adjuvant therapy, 
TMZ was escalated to 200 mg/m2/day depending on tol-
erability. After discontinuation of the study drug, patients 
were to be monitored for OS every 6 months.

Response Assessment

Patients were monitored for response or disease progres-
sion with MRI scans every 2 cycles (8 weeks), with an ini-
tial scan obtained 3–4 weeks after completion of RT serving 
as the baseline scan for determination of response as-
sessment per Response Assessment in Neuro-Oncology 
criteria.14

Pharmacokinetics and Pharmacodynamic 
Assessments

PK Measurements—Plasma samples were analyzed for 
pexidartinib using a validated method (high-performance 
liquid chromatography [HPLC] or ultra-high-performance 
liquid chromatography (HPLC) with tandem quadruple 
mass spectrometric detection) of appropriate speci-
ficity and sensitivity in compliance with Good Laboratory 
Practice standards at WIL Research Laboratories, LLC.

Patient blood samples (4 mL) were collected on Day 1 
and on Days 8 (D8) and 15 (D15) at predose and 1, 2, 4, and 
6 h after the first dose (all before the second dose). Predose 
PK samples were obtained on the first day of each cycle 
after Cycle 1 (C1). Blood samples for PK analysis were col-
lected within a ±15-min window of the scheduled time.

Descriptive statistics were calculated where appropriate 
for all determined PK parameters. The number of patients 
(N), mean, standard deviation (SD), minimum, median, 
maximum, geometric mean, and coefficient of variance 
(CV%) of the geometric mean were calculated per dose 
cohort. The plasma concentrations for pexidartinib were 
listed individually and summarized by dose cohort at each 
time point using descriptive statistics (N, mean, SD, min-
imum, median, maximum, geometric mean, and CV% of 
the geometric mean).

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae202#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae202#supplementary-data
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PD Measurements—Blood samples were collected to 
evaluate CD14/16 mononuclear cell counts and CSF-1 
levels, which are biomarkers of kinase inhibition and mye-
loid cell recruitment.

For the assessment of CD14/16 mononuclear cell counts, 
blood samples were collected at baseline and approxi-
mately 1 week (5–8 days) after the start of treatment with 
pexidartinib. Six milliliters of whole blood were collected in 
a sodium heparin tube, gently inverted, and then stored at 
4 °C. Blood samples were shipped to Miraca Life Sciences 
on the same day as collection. Blood samples were pro-
cessed and analyzed by flow cytometry on the day of re-
ceipt or the day after receipt using the markers listed in 
Supplementary Table 2. Data files (fcs) were transferred 
to Plexxikon and analyzed using FlowJo software (FlowJo 
LLC). The target cell population was quantified according 
to the procedure in Supplementary Table 3.

For the assessment of CSF-1 levels, blood samples were 
collected on predose C1D1, C1D8, C2D1, and C3D1. CSF-1 
levels were quantified by the Quantikine ELISA (Human 
M-CSF Immunoassay; R&D Systems, Inc).

Surgical tissue obtained pretreatment was evaluated 
for O(6)-methylguanine-DNA methyltransferase (MGMT) 
methylation, CSF-1, CSF1R, tumor-associated macro-
phages (CD163), and other prognostic biomarkers. More 
specifically, this presurgical tissue was evaluated by 
immunohistochemistry for both CSF1 and CD163.

Statistical Analysis

Phase 1b—The objective of the Phase 1b portion of this 
study was to determine the RP2D of pexidartinib when 
combined with concurrent RT and TMZ. Two dose levels 
were initially planned, with one or more lower doses to be 
evaluated if the starting dose of 800 mg/day was above the 
maximum tolerated dose. Seven patients were planned to 
be accrued at each dose level to ensure that at least 6 pa-
tients would be eligible for evaluation of toxicity. A dose 
level for pexidartinib was considered acceptable if no 
more than 2 patients of the 6 eligible patients experienced 
dose-limiting toxicity (DLT). Where all 7 patients were an-
alyzable for adverse events (AEs), only the first 6 were 
considered in the determination of DLTs. The DLT window 
was an 11-week period consisting of 1 week of pexidartinib 
priming, 6 weeks of pexidartinib combined with concurrent 
RT and TMZ, and the 4-week post-RT recovery period.

Phase 2—For the Phase 2 portion, the primary objective 
was the determination of mPFS. Secondary objectives 
included the evaluation of OS, PK, correlative imaging 
studies, safety, and the exploratory endpoint of PD effects 
of pexidartinib. The mPFS and mOS were compared with 
those obtained from the historical controls. PFS and OS 
were measured from C1D1 using Kaplan–Meier methods. 
The modified intention-to-treat (mITT) population com-
prised all patients who received at least 1 dose of the study 
drug and had no follow-up data. Efficacy analyses were 
performed primarily on the RP2D population. The RP2D 
population included all patients in the mITT population 
who received the RP2D of pexidartinib in either the Phase 

1b or Phase 2 portions of the study. The per-protocol pop-
ulation, which consisted of patients who fulfilled the in-
clusion/exclusion criteria and received a complete 7-week 
course of combined pexidartinib/RT/TMZ therapy at the 
RP2D level, was also used for efficacy analysis. The non-
parametric Kaplan–Meier method was used to estimate 
the mPFS, mOS, and median duration of response (DOR). 
Additional efficacy analyses (PFS, OS, and sensitivity ana-
lyses) using a parametric model were based on model 
parameters estimated by maximum likelihood with a 
Newton–Raphson algorithm (an exponential distribution 
of survival times). Specific populations from this study 
with varying start times of PFS calculation were used to 
estimate PFS that reflected the corresponding method-
ologies used to define PFS in the historical controls from 
the RTOG 0525 and 0825 studies (Supplementary Table 4). 
The mPFS and its 95% CIs are presented in conjunction 
with counts of the total number of subjects and number 
of observed disease progression events. The alterna-
tive hypothesis (PFS from historical control) and 1-sided 
P-value based on a 1-sample log-rank test adapted from 
Finkelstein et al. 22 assuming an intercept-only exponen-
tial survival model under the null hypothesis, are also pre-
sented. The hazard ratio, or estimated hazard rate relative 
to the hazard rate corresponding to the null hypothesis, is 
also displayed.

For PFS, estimates are presented with censoring at the 
earlier date of either the last evaluable tumor assessment 
or the start of confounding therapy.

As sensitivity analyses, estimates are presented without 
censoring for confounding therapy and without censoring 
for confounding therapy or at the last tumor assessment.

For the secondary efficacy analysis, estimates of mOS 
and its 95% CIs were compared with alternative hypoth-
eses based on historical controls, and P-values and HRs 
are presented as described for PFS (Supplementary 
Table 4).

For OS, estimates are presented with censoring for con-
founding therapy, and as sensitivity analyses, estimates 
are presented without censoring for confounding therapy 
but with censoring at the last known alive date.

OS was also estimated at 9 and 12 months of follow-up, 
without censoring for confounding therapy. The expected 
number of deaths was calculated under an assumed hazard 
rate of death for the relevant historical control, estimated 
from their respective mOS, assuming an exponential sur-
vival model (Supplementary Table 4). A 1-sided P-value, 
based on the 1-sample log-rank test outlined in Finkelstein 
et al.22 is presented.

In the event that no disease progression or death was 
documented prior to study termination, analysis cutoff, 
or the start of confounding anticancer therapy, patients 
were to be censored for PFS and DOR at the date of the last 
evaluable tumor assessment.

Sample Size and Power—For the primary endpoint of 
mPFS, based on a 1-sided log-rank test with a significance 
level of 0.1 and power of 80%, 22 events (death or progres-
sion) in approximately 31 patients were required to detect 
a 50% relative hazard reduction in PFS due to the addition 
of pexidartinib compared with the recent historical control 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae202#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae202#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae202#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae202#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae202#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae202#supplementary-data
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mPFS of 5.5 months (RTOG 0525). Assuming ~30% rate of 
nonevaluability, approximately 37 patients were planned 
to be enrolled in the Phase 2 portion of the study, which 
would yield approximately 44 patients when combined 
with the 7 patients treated at the RP2D in the Phase 1b por-
tion of the study. The primary population for efficacy and 
safety consisted of the prespecified mITT population, that 
is, patients who received at least 1 dose of the study drug 
and had any follow-up data.

Results

Patient Characteristics

A total of 65 patients were enrolled across multiple insti-
tutions from July 2013 to November 2017. Twenty-two pa-
tients were enrolled in Phase 1b and 43 patients in Phase 
2 (Supplementary Figure 2). The baseline characteristics 

Table 1.  Patient characteristics of patients in Phase 2 (≥15% occurrence in all patients in Phase 2), the combined RP2D groups in Phase 1b and 
Phase 2 (mITT RP2D population), and the study overall (mITT population)

Characteristic Combination therapy dose/adjuvant 
therapy dosea

Phase 2 
total
N = 43

Combined 
RP2Db Phases 
1b and 2
N = 53

Study 
overall
N = 65800 mg/800 mg

N = 27
800 mg/
none
N = 16

5 days/7 days 5 days/none 5 days/varies

Sex

 � Male 19 (70) 9 (56) 28 (65) 33 (62) 41 (63)

 � Female 8 (30) 7 (44) 15 (35) 20 (38) 24 (37)

Age (years)

 � Mean (SD) 55.7 (10.83) 59.0 (10.66) 57.0 (10.76) 56.7 (11.10) 55.3 (11.92)

 � Median (min, max) 56.0 (35, 71) 58.0 (37, 74) 57.0 (35, 74) 57.0 (24, 74) 56.0 (23, 74)

Race

 � Asian 0 0 0 2 (4) 3 (5)

 � Native Hawaiian or Other Pacific Islander 1 (4) 0 1 (2) 1 (2) 1 (2)

 � White 25 (93) 16 (100) 41 (95) 48 (91) 58 (89)

 � Other 1 (4) 0 1 (2) 2 (4) 3 (5)

Ethnicity

 � Hispanic or Latino 1 (4) 0 1 (2) 1 (2) 1 (2)

 � Not Hispanic or Latino 26 (96) 16 (100) 42 (98) 52 (98) 64 (98)

KPS score

 � 70–89 7 (26) 8 (50) 15 (35) 18 (34) 21 (32)

 � 90–100 20 (74) 8 (50) 28 (65) 35 (66) 44 (68)

Extent of tumor resection

 � Complete 10 (37) 5 (31) 15 (35) 23 (43) 29 (45)

 � Partial 16 (59) 9 (56) 25 (58) 27 (51) 33 (51)

 � Minimal 1 (4) 0 1 (2) 1 (2) 1 (2)

 � Unknown 0 2 (13) 2 (5) 2 (4) 2 (3)

MGMT status

 � Methylated 13 (48) 7 (44) 20 (47) 23 (43) 30 (46)

 � Unmethylated 13 (48) 7 (44) 20 (47) 27 (51) 30 (46)

 � Indeterminate 0 0 0 0 1 (2)

 � Not reported 1 (4) 2 (13) 3 (7) 3 (6) 4 (6)

Abbreviations: BMI = body mass index; KPS = Karnofsky Performance Scale; MGMT = O6-methylguanine-DNA methyltransferase; mITT = modi-
fied intention-to-treat population; N = number of patients; RP2D = recommended Phase 2 dose.
Values are reported as number (%) unless otherwise indicated.
aPatients are summarized by doses of pexidartinib taken during combination therapy and adjuvant therapy periods. Patients reported as having dis-
continued the study before adjuvant treatment are summarized as having adjuvant treatment of “none.”
bThe combined RP2D group includes all patients in Phase 1b or Phase 2 who received 800 mg, 5 days/week of pexidartinib during combination 
therapy. There were 10 patients from Phase 1b and 43 from Phase 2.

 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae202#supplementary-data
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of patients are shown in Table 1. The median age of parti-
cipants was 56 years (range 23–74), and a majority of pa-
tients had a KPS of 90–100 (68%). Forty-five percent of 
patients had a complete resection. Of the 60 patients in 
whom the tumor MGMT promoter methylation status 
was known, 30 were methylated and 30 unmethylated. 
In the overall cohort, 64 of 65 patients stopped participa-
tion in the study due to disease progression (n = 32), AE 
(n = 16), subject decision/voluntary withdrawal (n = 7), 
other (n = 4), investigator decision (n = 2), noncompliance 
(n = 2), or death (n = 1). One patient enrolled in the Phase 
2 part (Patient 020_011) remains alive and has continued to 
receive pexidartinib through an expanded access program 
after this trial was closed. Data related to study medica-
tion administered after October 10, 2017, or study visit in-
formation after September 12, 2017, for this patient are not 
included in this report, but survival information has been 
updated since that date.

The median pexidartinib exposure was 102.5 days in 
Phase 1b and 127 days in Phase 2. In Phase 1b, the mean 
(SD) dose intensity of pexidartinib was slightly lower 
during combination therapy than during adjuvant treat-
ment: 727.8 (95.52) mg/day versus 757.8 (200.21) mg/day. 
In Phase 2, the mean (SD) dose intensity of pexidartinib 
during combination therapy was comparable with that 
during adjuvant treatment: 769.5 (64.83) mg/day versus 
762.1 (121.32) mg/day.

Determination of RP2D

Of the 22 Phase 1b patients, 5 received 800 mg daily of 
pexidartinib (7 patients were not enrolled at this dose 
due to the toxicities seen in these 5 patients), 7 received 
600 mg daily of pexidartinib, and 10 received 800 mg on 5 
days/week of pexidartinib during the combination therapy. 
A total of 4 patients experienced DLTs (2 from the 800-mg 
daily dose cohort and 2 from the 600-mg daily dose cohort). 
All DLTs were hematological adverse effects, including 
neutropenia (including neutropenic fever), thrombocyto-
penia, and leukopenia. All of these events were assessed 
by investigators and thought to be possibly related to 
pexidartinib. Based on tolerability and drug exposure, the 
protocol oversite committee determined the RP2D to be 
800 mg/day for 5 days/week during RT/TMZ (combination 
therapy dose), followed by 800 mg/day for 7 days/week in 
combination with adjuvant TMZ (adjuvant therapy dose). A 
total of 53 patients (10 patients in Phase 1b and 43 patients 
in Phase 2) received the RP2D dose of pexidartinib.

Toxicity

AEs occurred in all 65 patients enrolled in the study (both 
Phase 1b and Phase 2, mITT population), with equal num-
bers of patients experiencing AEs attributed to pexidartinib 
and TMZ. Patients in both phases experienced serious AEs 
(SAEs): 45% in Phase 1b, 51% in Phase 2, and 49% overall. 
Patients in both phases were reported to have SAEs as-
sessed by the investigators as related to pexidartinib (18% 
in Phase 1b, 26% in Phase 2, and 23% overall), TMZ (23% in 
Phase 1b, 21% in Phase 2, and 22% overall), and RT (5% in 

Phase 1b, 12% in Phase 2, and 9% overall). Overall, 14 (22%) 
patients developed AEs that led to permanent discontinu-
ation of pexidartinib. The most frequent AE attributed to 
pexidartinib was fatigue (86% in Phase 1b, 49% in Phase 
2, and 49% overall), followed by nausea (23% in Phase 1b, 
40% in Phase 2, and 34% overall), and decreased appetite 
(27% in Phase 1b, 28% in Phase 2, and 28% overall) (Table 
2). Two patients had AEs that resulted in death, 1 patient in 
Phase 1b (800 mg, 7 days/week, no adjuvant therapy dose 
group) with necrotizing fasciitis, and 1 in Phase 2 (800 mg, 
5 days/week, 800 mg 7 days/week adjuvant therapy dose 
group) with a pulmonary embolism, neither of which were 
attributed to pexidartinib, TMZ, or RT.

A total of 60% of patients overall (64% in Phase 1b, 58% in 
Phase 2) experienced AEs leading to change of pexidartinib 
dose, with the most common in Phase 1b being thrombo-
cytopenia and platelet count decrease (18% and 14%, re-
spectively) and in Phase 2 being neutropenia (14%) (Table 
3). Less than one-quarter of the patients (23% in Phase 1b, 
21% in Phase 2, and 22% overall) experienced an AE that 
led to permanent discontinuation of pexidartinib.

Elevated liver enzyme changes were observed in 6 pa-
tients (9%) experiencing ALT elevations and 6 patients 
(9%) in AST elevations (5 patients with both AST/ALT ele-
vations, 1 with isolated ALT, and 1 with isolated AST) that 
led to a change in pexidartinib dose. Of note, one patient 
experienced Grade 4 elevated bilirubin possibly related 
to pexidartinib. Clinically significant hematologic abnor-
malities were more commonly seen in Cycles 1, 2, and 3 
than in subsequent cycles, with the most common being 
neutropenia (17%), thrombocytopenia (15%), and anemia 
(14%) in patients overall during the study. Liver function 
and hematological effects were observed starting in the 
first cycle of treatment. Most clinically significant abnor-
malities reported as AEs had either resolved, resolved with 
sequelae, or were resolving. Overall, pexidartinib was gen-
erally safe and well tolerated in patients with GBM.

Pharmacokinetics

Nineteen (86%) Phase 1b patients had serum analysis for 
pexidartinib concentration. A dose-proportional increase in 
serum concentrations was seen for steady-state exposures 
from 600 mg daily to 800 mg daily. Compared with contin-
uous dose (800 mg 7 days/week), there was a 30% lower 
exposure at steady state (C1D15) when pexidartinib was 
dosed intermittently (800 mg 5 days/week) (Supplementary 
Table 5, Supplementary Figure 3).

The Cmax (ng/mL) values for all cohorts were similar 
when C1D8 and C1D15 were compared (Supplementary 
Table 5). For C1D15 levels, Cmax was lowest in the 800 mg 
5 days/week cohort at 4767 ng/mL, followed by the 600 mg 
daily dose at 5455 ng/mL, and the 800 mg daily dose at 
6387 ng/mL.

Pharmacodynamics

Serum plasma samples from 5 patients receiving 
pexidartinib at 800 mg daily dosing were analyzed for 
CSF-1 concentrations. All patient samples had an increase 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae202#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae202#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae202#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae202#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdae202#supplementary-data
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in plasma CSF-1 concentration after initial administration 
of pexidartinib (Supplementary Figure S4), with a max-
imum increase seen around C1D8.

Blood monocytes that are CD14dimCD16+ comprise a 
subset that was previously shown to be sensitive to re-
ductions with pexidartinib treatment.14 The percentage 
of CD14dimCD16+ monocytes was analyzed in dose-
comparison groups (3 patients with 600 mg/daily, 4 pa-
tients with 800 mg/daily, and 22 patients with 800 mg 
5 days/week). Percentages of CD14dimCD16+ mono-
cytes were measured in patients before pexidartinib 

administration and then between C1D6 and C1D8 as a 
follow-up (Supplementary Figure 5). Approximately half 
of the subjects had a decrease in CD14dimCD16+ percent 
of monocytes measured after initiation of pexidartinib. All 
3 patients in the 600 mg 7 days/week dosing group had a 
decrease of CD14dimCD16+ monocytes, but such a decrease 
was noted in only half of the patients in the 800 mg 5 days/
week dosing group. Some of these differences could be 
due to the timing of blood sampling relative to treatment. 
In the 800-mg pexidartinib for 5 days treatment arm, blood 
was collected 24–48 h after the last dose of pexidartinib. 

Table 2.  Number of patients experiencing adverse events related to pexidartinib (by preferred term) reported in Phase 2 (≥15% occurrence in all 
patients in Phase 2), the combined RP2D groups in Phase 1b and Phase 2 (mITT RP2D population), and the study overall (mITT population)

AE Combination therapy dose/adjuvant therapy doseb Phase 
2 total
N = 43

Combined 
RP2Dc Phases 
1b and 2
N = 53

Study 
overall
N = 65

800 mg/800 mg
N = 27

800 mg/
None
N = 16

5 days/7 days 5 days/none 5 days/varies

Any event 26 (96) 14 (88) 40 (93) 50 (94) 59 (91)

Fatigue 16 (59) 5 (31) 21 (49) 28 (53) 32 (49)

Nausea 9 (33) 8 (50) 17 (40) 21 (40) 22 (34)

Decreased appetite 8 (30) 4 (25) 12 (28) 15 (28) 18 (28)

Rash 7 (26) 1 (6) 8 (19) 9 (17) 10 (15)

Neutropenia 6 (22) 1 (6) 7 (16) 9 (17) 11 (17)

Abbreviations: mITT = modified intention-to-treat population; N = number of patients; RP2D = recommended Phase 2 dose.
aPatients were counted at most 1 time per AE. AEs with relationship of “possibly related to pexidartinib” or “probably related to pexidartinib” are 
summarized.
bPatients are summarized by doses of pexidartinib taken during combination therapy and adjuvant therapy periods. Patients reported as having dis-
continued the study before adjuvant treatment are summarized as having adjuvant treatment of “none.”
cThe combined RP2D group includes all patients in Phase 1b or Phase 2 who received 800 mg, 5 days/week of pexidartinib during combination 
therapy. There were 10 patients from Phase 1b and 43 patients from Phase 2.

 

Table 3.  AEs leading to a change in pexidartinib (by preferred term) reported in Phase 2 (≥9% occurrence in all patients in Phase 2), the combined 
RP2D groups in Phase 1b and Phase 2 (mITT RP2D population), and the study overall (mITT Population)

AEa Combination therapy dose/adjuvant 
therapy doseb

Phase 
2 total
N = 43

Combined RP2Dc Phases 1b and 2
N = 53
5 days/varies

Study 
overall
N = 65800 mg/800 mg

N = 27
5 days/7 days

800 mg/None
N = 16
5 days/None

Any event 16 (59) 9 (56) 25 (58) 33 (62) 39 (60)

Neutropenia 5 (19) 1 (6) 6 (14) 7 (13) 7 (11)

Alanine aminotransferase increased 1 (4) 4 (25) 5 (12) 5 (9) 6 (9)

Aspartate aminotransferase increased 0 4 (25) 4 (9) 5 (9) 6 (9)

Platelet count decreased 2 (7) 1 (6) 3 (7) 5 (9) 6 (9)

Thrombocytopenia 2 (7) 1 (6) 3 (7) 5 (9) 7 (11)

Abbreviations: mITT = modified intention-to-treat population; N = number of patients; RP2D = recommended Phase 2 dose.
aAEs with pexidartinib action taken of “drug temporarily withdrawn,” “drug permanently withdrawn,” or “dose reduced” are summarized.
bPatients are summarized by doses of pexidartinib taken during combination therapy and adjuvant therapy periods. Patients reported as having dis-
continued the study before adjuvant treatment are summarized as having adjuvant treatment of “none.”
cThe combined RP2D group includes all patients in Phase 1 or Phase 2 who received 800 mg, 5 days/week of pexidartinib during combination therapy. 
There were 10 patients from Phase 1b and 43 patients from Phase 2.
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Only 1 of the patients at 800 mg given daily had a decrease 
of CD14dimCD16+ monocyte percent.

Pretreatment tumor tissue samples from a total of 44 pa-
tients were evaluated via immunohistochemistry for CSF-1 
and CD163. Only 4 stained negative for CSF-1, and 25 sam-
ples had >5% CD163-positive cells.

Efficacy

Analysis of the primary endpoint, mPFS, was completed 
for the mITT RP2D population, which included all enrolled 
patients who received at least one dose of the RP2D of 
pexidartinib. The mPFS for the mITT group was 6.7 months 
(90% CI 4.5, 11.5; Figure 1). In the historical trials of RTOG 
0525 and RTOG 0825, the median PFSs were 7.5 and 7.3 
months, respectively. When comparing these historical 
control studies with our mITT, there were no statistically 
significant differences in mPFS (RTOG 0525 P = .456; RTOG 
0825 P = .619).

Analysis of the secondary endpoints revealed an mOS of 
13.1 months (90% CI: 11.5, 24.5) in the mITT RP2D popula-
tion (Supplementary Figure 6). Using the parametric model 
to adjust for censoring and to directly compare OS in the 
current trial with those in the historical control studies, the 
mOS of this study was found to be 18.8 months (95% CI: 
12.6, 28.0), and when compared with historical controls of 
RTOG 0525 (mOS 18.9 months, P = .389) and RTOG 0825 
(mOS 16.1 months, P = .393), there was no statistically sig-
nificant difference.

Supplementary Tables 6 and 7 show the comparisons of 
the estimates of mPFS and mOS with censoring for con-
founding therapy that were calculated with similar popula-
tions and follow-up start times as the historical controls of 
RTOG 0525 and RTOG 0825.

Within the unplanned subgroup analysis (Table 4), the 
only statistically significant difference was found when 

evaluating patients based on KPS (90–100 vs. 70–80). The 
mPFS was 11 months in patients with a KPS of 90–100 
compared with 4 months in patients with a KPS of 70–89 
(P = .003). This also held true when evaluating mOS based 
on KPS, with an mOS of 24 months in patients with a KPS 
of 90–100 and an mOS of 8 months in patients with a KPS 
of 70–89 (P < .001). Younger age appeared to influence OS 
positively, but the difference in mOS was not statistically 
significant (mOS in patients 18–64 years of 14 months 
vs. mOS in patients ≥65 years of 11 months; P = .063). 
Additionally, MGMT methylation subgroup analysis sug-
gested a difference in mPFS between methylated and 
unmethylated groups (mPFS of 10 months vs. 4 months, 
respectively), but the difference was not statistically signif-
icant (P = .201).

Discussion

GBM is a deadly malignancy with limited therapeutic op-
tions. Many investigations have been conducted in an ef-
fort to improve survival in these patients with varying 
approaches including targeted agents and immunother-
apies. This Phase 1b/2 study in patients with newly diag-
nosed GBM explored the efficacy of pexidartinib given 
concurrently with RT/TMZ followed in combination with 
adjuvant TMZ based on its potential to influence the tumor 
immune microenvironment and potentially serve as a 
radiosensitizer. Our results indicated that there was no sta-
tistically significant improvement in mPFS or mOS with 
the addition of pexidartinib compared with historical con-
trols from trials RTOG 0525 and RTOG 0825.

Although pexidartinib was not efficacious against newly 
diagnosed GBM, our PD evaluation suggests pexidartinib 
can induce systemic alterations that may impact the TME. 
More specifically, the finding of a rise in CSF-1 levels and 
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Figure 1.  Kaplan–Meier plot of the primary endpoint, progression-free survival (PFS) (modified intention-to-treat recommended Phase 2 dose 
population). Subject 026_010 voluntarily withdrew after 29 days on study and did not have an MRI scan after screening, so was not evaluable for 
PFS. This subject is included in the number of subjects, but not in the PFS estimates. C1D1 = cycle 1 day 1.
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a decrease in CD14dimCD16 + monocytes after adminis-
tration of pexidartinib provides evidence of the ability of 
pexidartinib to inhibit CSF1R systemically. Future studies 
will need to determine whether such systemic changes 
translate to meaningful alterations in the TME.

Our study was able to establish the RP2D as 800 mg on a 
schedule of 5 days/week during combination therapy with 
RT/TMZ and 800 mg on a schedule of 7 days/week during 
adjuvant therapy with TMZ, with liver function and hema-
tological toxicities being most common. Most importantly, 
pexidartinib was found to be generally safe and well toler-
ated in our patient population. With the ability to achieve 
exposure in tumor tissue,14 modulate systemic alterations 
that may impact the TME, and have a favorable toxicity 
profile, pexidartinib should be considered in future trials in 
both newly diagnosed and recurrent GBMs, particularly as 
part of multitargeted therapies.

The results from the PK and PD studies suggested that 
more intense dosing regimens of pexidartinib correl-
ated with an increase in drug exposure and a decrease 
in CD14dimCD16 + monocytes. More specifically, the PK 
studies revealed there was a 30% reduction in exposure at 
steady state and a decrease in AUC levels when pexidartinib 
was dosed intermittently (800 mg 5 days/week) compared 
with continuously (800 mg 7 days/week). In addition, PD 
evaluation suggested that there was a greater reduction in 
CD14dimCD16 + monocytes when pexidartinib was dosed 
continuously at 600 mg daily compared with intermittently 
at 800 mg 5 days/week, although these data are based on a 
limited number of samples in each dosing regimen. These 
data were not known at the time the decision was made to 

use the intermittent dosing regimen in the current study. 
However, they suggest that the 600-mg daily dosing and/
or exploration of other doses and PK/PD assessments may 
provide additional benefit in future clinical trials.

In regards to clinical trial design, our study provides a 
framework for implementing a single-arm Phase 2 clin-
ical trial. In particular, the decision in advance to use his-
torical controls from RTOG 0525 and RTOG 0825 allowed 
for the planned congruence of many aspects of this clinical 
trial with the historical trials. More specifically, the same 
inclusion/exclusion criteria were applied and analysis of 
endpoints based on mITT was conducted as in these his-
torical controls/trials. Furthermore, discrepancies in start 
times in the calculations of PFS between our trial and his-
torical controls were accounted for to provide for an accu-
rate comparison across the investigational and historical 
control arms. This approach enhanced the reliability of ef-
ficacy conclusions achieved in our study. In addition, our 
subgroup analysis also revealed that KPS was a significant 
prognostic factor whereas age and MGMT status both ap-
peared to demonstrate some effect but were not statistically 
significantly different, findings that have been replicated in 
many other clinical trials in GBM.23–25 We acknowledge that 
the use of historical controls to assess efficacy in clinical 
trials is a limitation of our study based on literature in the 
field highlighting the changes in overall hazard profile be-
tween contemporary and historical patients.26

In summary, our results show that pexidartinib in combi-
nation with RT/TMZ and adjuvant TMZ lacks efficacy but is 
safe and well tolerated. Although a single-arm design was 
employed, incorporation of identical eligibility criteria and 

Table 4.  Summary of PFS and overall survival by subgroups (mITT RP2D population)

Subgroup PFS Overall survival

Na mPFS (months) 90% CIb P-value Nc mOS (months) 90% CIb P-value

Whole 52 6.7 (4.5, 11.5) 53 13.1 (11.5, 24.5) –

Age group

 � 18–64 years 39 6 (4.5, 12.4) 0.440 40 14 (12.3, NE) 0.063

 � 65+ years 13 10 (2.7, 11.5) 13 11 (4.3, 24.5) –

Extent of surgery

 � Complete resection 23 6 (4.2, 12.3) 0.699 23 14 (9.9, 24.5) 0.969

 � Partial resection 26 9 (4.5, 15.4) 27 13 (7.9, NE) –

Baseline KPS score

 � 70–89 18 4 (2.6, 4.5) 0.003 18 8 (6.9, 12.4) <0.001

 � 90–100 34 11 (6.2, 14.7) 35 24 (13.1, NE) –

MGMT statusd

 � Methylated 23 10 (5.2, 15.4) 0.201 23 15 (9.7, NE) 0.501

 � Unmethylated 27 4 (3.9, 10.2) 27 12 (7.9, 20.7) –

Abbreviations: CI = confidence interval; KPS = Karnofsky Performance Scale; MGMT = O6-methylguanine-DNA methyltransferase; mITT = modi-
fied intention-to-treat; mPFS = median progression-free survival; mOS = median overall survival; N = number of patients with data that apply or data 
available; NE = not estimable; RP2D = recommended Phase 2 dose.
aSubject 026_010 voluntarily withdrew after 29 days on study and did not have an MRI after screening, so was not evaluable for PFS.
b90% CI is calculated based on Kaplan–Meier methodology.
cSubject 020_011 continues to participate in the study but was censored on November 03, 2017.
dMGMT methylation status was known for 50 patients.
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study treatment scheduling employed in defined historical 
control trials enhanced the reliability of our conclusions.

Supplementary material

Supplementary material is available online at Neuro-
Oncology Advances (https://academic.oup.com/noa).

Keywords 

CSF1R | glioblastoma | KIT | tumor microenvironment | 
pexidartinib

Funding

This work was supported by the Huntsman Cancer Institute’s 
Cancer Center Support Grant No. P30CA42014 from the National 
Cancer Institute of the National Institutes of Health.
This work was sponsored by Plexxikon, which is now owned by 
Daiichi Sankyo.

Acknowledgments

We thank Kristin Kraus and Cortlynd Olsen for their editorial 
assistance.

Conflicts of interest statement

J.S.M.: No conflicts of interest to report. A.L.C.: Grants or con-
tracts with Chimerix, BPGbio, Nuvox, and the University of 
Utah. Member of the National Cancer Institute Board. M.E.: No 
conflicts of interest to report. R.L.J.: No conflicts of interest to 
report. L.M.B.: No conflicts of interest to report. K.L.S.: No con-
flicts of interest to report. M.C.: No conflicts of interest to re-
port. H.H.H.: Employee of Plexxikon. M.H.: Previous employee 
of Plexxikon. RSUs, expired November 2021. F.I.: Grants or 
contracts with Merck, Bristol Myers Squibb, Roche, Sapience, 
Novocure, Forma, Celldex, Northwest Biotherapeutics, ABM 
Therapeutics, and Pfizer. Consults for Novocure, Regeneron, 
Tocagen, Alexion Pharmaceuticals, Abbvie, Guidepoint Global, 
Marck, Kiyatec, PPD, Massive Bio, Medtronic, MimiVax, Gennao 
Gio, Ono, AnHeart, Praesidia Therapeutics, and Xcures. Meeting 
or travel support from Roche and Oncoceutics. Two US provi-
sional patent applications (62/739,617 and 63/062,805) through 
Columbia University. Member of MimiVax board. K.L.L.: No con-
flicts of interest to report. M.M.M.: Consults for Merck, Alexion, 
Kyiatec, and Spring Works. M.P.: No conflicts of interest to re-
port. S.R.P: No conflicts of interest to report. V.K.P.: Funding from 
Merck, Radiomedix, VBI Vaccines, Servier, and SK Lifesciences. 
Consults for Boehringer Ingelheim, Tango Therapeutics, Telix, 
Beyer, Servier, Novocure, Insightec, and Orbus Therapeutics. 
Payment from Med-IQ. Stocke in Gilead Pharma and Newave. 

J.R.: Member of Glida’s Club Chicago Board of Directors. Stock 
in Takeda-RSU. D.A.R.: Receives support paid to the Dana-
Farber Cancer Institute from Acerta Pharmaceuticals, Agenus, 
Ashvattha Therapeutics, Boehringer Ingelheim, Bristol-Myers 
Squibb, Enterome, Incyte, and NeoTx Ltd. Received payment 
for lectures, presentations, etc. from AnHeart Pharmaceuticals, 
Aptitude Health, BlueRock Therapeutics LP, CeCaVaGmbH & 
Co.KG, Chimeric Therapeutics, Elsevier, F. Hoffman La-Roche, 
Genenta Science, Inovio, Insightec, Janssen, Jupiter Life 
Sciences Consulting LLC, Kintara, Kiyatec, Johnson & 
Johnson (Pharma), Lumanity, Menari Stemline, Miltenyi 
Biomedicine GmbH, Neuvogen, Novocure, Paradigm Medical 
Communications, Putnam Inizii Associates LLD, Sumitono 
Dainippon Pharma, Oncology, Triangle Insights Group, Vivacitas 
Oncology Inc., and WebMD. M.S.: Employee of Plexxikon. 
Consults for Orbus Therapeutics Inc., Propella Therapeutics 
Inc., and Teremoto Biosciences Inc. Restricted Stock Unit Grant 
from Plexxikon, Inc. parent company Daiichi Sankyo Company, 
Ltd. T.W.: Participates on boards of AnHeart, Alexion, Servier, 
Novocure, and IQVIA. B.L.W.: Previous employee of Plexxikon. 
Holds patent US-9730918-B2. E.T.W.: No conflicts of interest to 
report. C.Z.: No conflicts of interest to report. H.C.: No conflicts 
of interest to report.

Authorship statement

Concept and Design: Adam L. Cohen, Marc Chamberlain, Henry 
H. Hsu, Marguerite Hutchinson, Fabio Iwamoto, Keith L. Ligon, 
Maciej M. Mrugala, Scott R. Plotkin, Vinay K. Puduvalli, Jeffrey 
Raizer, David A. Reardon, Tobias Walbert, Brain L. West, Eric 
T. Wong, Howard Colman. Administrative Support: Henry H. 
Hsu, Marguerite Hutchinson, Michael Pelayo, Michael Sterba, 
Brain L. West, Chao Zhang. Provision of study materials or pa-
tients: Adam L. Cohen, Randy L. Jensen, Lindsay M. Burt, Marc 
Chamberlain, Henry H. Hsu, Marguerite Hutchinson, Fabio 
Iwamoto, Keith L. Ligon, Maciej M. Mrugala, Michael Pelayo, 
Scott R. Plotkin, Vinay K. Puduvalli, ,Jeffrey Raizer, David A. 
Reardon, Michael Sterba, Tobias Walbert, Brain L. West, Eric T. 
Wong, Chao Zhang, Howard Colman. Collection and assembly of 
data: All authors. Data analysis and interpretation: All authors. 
Manuscript writing and editing: All authors.

Data availability

All relevant data used to conduct this study are published in the 
main text or supplementary files.

Affiliations

Department of Neurosurgery, University of Utah, Salt 
Lake City, UT, USA (J.S.M., R.L.J., H.C.); Huntsman Cancer 
Institute, Salt Lake City, UT, USA (J.S.M., R.L.J., H.C., L.M.B.); 
Oncology Division, Inova Schar Cancer Institute, Fairfax, 
VA, USA (A.L.C.); Department of Neurology, University of 

https://academic.oup.com/noa
file:///\\j-fs01\OUP_Journals-L\Production\NOAJNL\vdae202\FROM_CLIENT\Accepted_manuscripts\noa_NOA-D-24-00206\suppl_data\vdae202_suppl_Supplementary_Tables_1-7_Figures_1-6_Materials_5.docx


N
eu

ro-O
n

colog
y 

A
d

van
ces

11Mendez et al.: Phase 1b/2 study exploring pexidartinib in GBM

Utah, Salt Lake City, UT, USA (M.E.); Department of Radiation 
Oncology, University of Utah, Salt Lake City, UT, USA (L.M.B.); 
Department of Radiology, University of Utah, Salt Lake City, UT, 
USA (K.L.S.); Lantern Pharma, Dallas, TX, USA (M.C.); Allysta 
Pharmaceuticals Inc., Bellevue, WA, USA (H.H.H.); STORM 
Therapeutics Ltd., Cambridge, UK (M.H.); Division of Neuro-
Oncology, Department of Neurology, Columbia University 
Medical Center, New York, NY, USA (F.I.); Department of 
Pathology, Dana Farber Cancer Institute and Brigham and 
Women’s Hospital, Boston, MA, USA (K.L.L.); Division of 
Medical Oncology, Department of Neurology, Mayo Clinic 
and Mayo Clinic Cancer Center, Phoenix, AZ, USA (M.M.M.); 
Structure Therapeutics, San Francisco, CA, USA (M.P.); 
Department of Neurology and Cancer Center, Massachusetts 
General Hospital, Boston, MA, USA (S.R.P.); Department of 
Neuro-Oncology, The University of Texas MD Anderson Cancer 
Center, Houston, TX, USA (V.K.P.); Clinical Sciences, Oncology, 
Takeda Pharmaceutical Company Limited, Cambridge, MA, 
USA (J.R.); Center for Neuro-Oncology, Dana-Farber Cancer 
Institute, Boston, MA, USA (D.A.R.); Orbus Therapeutics Inc., 
Palo Alto, CA, USA (M.S.); Department of Neurology and 
Neurosurgery, Henry Ford Health, Wayne State University and 
Michigan State University, Detroit, MI, USA (T.W.); Cytoscient 
LLC, Berkeley, CA, USA (B.L.W.); Division of Hematology/
Oncology, Rhode Island Hospital, Providence, RI, USA (E.T.W.); 
Tupos Therapeutics Inc., Hayward, CA, USA (C.Z.)

References

1.	 Ostrom QT, Cioffi G, Gittleman H, et al. CBTRUS statistical  
report: primary brain and other central nervous system tumors diag-
nosed in the United States in 2012-2016. Neuro Oncol. 2019;21(Suppl 
5):v1–v100.

2.	 Stupp R, Mason WP, van den Bent MJ, et al.; European Organisation 
for Research and Treatment of Cancer Brain Tumor and Radiotherapy 
Groups. Radiotherapy plus concomitant and adjuvant temozolomide for 
glioblastoma. N Engl J Med. 2005;352(10):987–996.

3.	 Gilbert MR, Wang M, Aldape KD, et al. Dose-dense temozolomide for 
newly diagnosed glioblastoma: a randomized phase III clinical trial. J 
Clin Oncol. 2013;31(32):4085–4091.

4.	 Gilbert MR, Dignam JJ, Armstrong TS, et al. A randomized trial 
of bevacizumab for newly diagnosed glioblastoma. N Engl J Med. 
2014;370(8):699–708.

5.	 Wei J, Chen P, Gupta P, et al. Immune biology of glioma-associated 
macrophages and microglia: functional and therapeutic implications. 
Neuro Oncol. 2020;22(2):180–194.

6.	 Phillips HS, Kharbanda S, Chen R, et al. Molecular subclasses of 
high-grade glioma predict prognosis, delineate a pattern of dis-
ease progression, and resemble stages in neurogenesis. Cancer Cell. 
2006;9(3):157–173.

7.	 Verhaak RG, Hoadley KA, Purdom E, et al.; Cancer Genome Atlas 
Research Network. Integrated genomic analysis identifies clinically 
relevant subtypes of glioblastoma characterized by abnormalities in 
PDGFRA, IDH1, EGFR, and NF1. Cancer Cell. 2010;17(1):98–110.

8.	 Komohara Y, Ohnishi K, Kuratsu J, Takeya M. Possible involvement of 
the M2 anti-inflammatory macrophage phenotype in growth of human 
gliomas. J Pathol. 2008;216(1):15–24.

9.	 Chongsathidkiet P, Jackson C, Koyama S, et al. Sequestration of T cells 
in bone marrow in the setting of glioblastoma and other intracranial tu-
mors. Nat Med. 2018;24(9):1459–1468.

10.	 de Groot J, Penas-Prado M, Alfaro-Munoz K, et al. Window-of-
opportunity clinical trial of pembrolizumab in patients with recurrent gli-
oblastoma reveals predominance of immune-suppressive macrophages. 
Neuro Oncol. 2020;22(4):539–549.

11.	 Sielska M, Przanowski P, Wylot B, et al. Distinct roles of CSF family cyto-
kines in macrophage infiltration and activation in glioma progression 
and injury response. J Pathol. 2013;230(3):310–321.

12.	 Pyonteck SM, Akkari L, Schuhmacher AJ, et al. CSF-1R inhibition al-
ters macrophage polarization and blocks glioma progression. Nat Med. 
2013;19(10):1264–1272.

13.	 Yan D, Kowal J, Akkari L, et al. Inhibition of colony stimulating factor-1 
receptor abrogates microenvironment-mediated therapeutic resistance 
in gliomas. Oncogene. 2017;36(43):6049–6058.

14.	 Butowski N, Colman H, De Groot JF, et al. Orally administered colony 
stimulating factor 1 receptor inhibitor PLX3397 in recurrent glioblas-
toma: an Ivy Foundation Early Phase Clinical Trials Consortium phase II 
study. Neuro Oncol. 2016;18(4):557–564.

15.	 Wang Q, Hu B, Hu X, et al. Tumor evolution of glioma-intrinsic gene ex-
pression subtypes associates with immunological changes in the micro-
environment. Cancer Cell. 2017;32(1):42–56.e6.

16.	 Bhat KPL, Balasubramaniyan V, Vaillant B, et al. Mesenchymal differ-
entiation mediated by NF-kappaB promotes radiation resistance in glio-
blastoma. Cancer Cell. 2013;24(3):331–346.

17.	 Kloepper J, Riedemann L, Amoozgar Z, et al. Ang-2/VEGF bispecific an-
tibody reprograms macrophages and resident microglia to anti-tumor 
phenotype and prolongs glioblastoma survival. Proc Natl Acad Sci U S A. 
2016;113(16):4476–4481.

18.	 Xu J, Escamilla J, Mok S, et al. CSF1R signaling blockade stanches 
tumor-infiltrating myeloid cells and improves the efficacy of radiotherapy 
in prostate cancer. Cancer Res. 2013;73(9):2782–2794.

19.	 Stafford JH, Hirai T, Deng L, et al. Colony stimulating factor 1 re-
ceptor inhibition delays recurrence of glioblastoma after radiation 
by altering myeloid cell recruitment and polarization. Neuro Oncol. 
2016;18(6):797–806.

20.	 Rao R, Han R, Ogurek S, et al. Glioblastoma genetic drivers dictate the 
function of tumor-associated macrophages/microglia and responses to 
CSF1R inhibition. Neuro Oncol. 2022;24(4):584–597.

21.	 Coniglio SJ, Eugenin E, Dobrenis K, et al. Microglial stimulation of gli-
oblastoma invasion involves epidermal growth factor receptor (EGFR) 
and colony stimulating factor 1 receptor (CSF-1R) signaling. Mol Med. 
2012;18(1):519–527.

22.	 Finkelstein D, Muzikansky A, Schoenfeld D. Comparing survival 
of a sample to that of a standard population. J Natl Cancer Inst. 
2003;95(19):1434–1439.

23.	 Brown NF, Ottaviani D, Tazare J, et al. Survival outcomes and prognostic 
factors in glioblastoma. Cancers. 2022;14(13):3161.

24.	 Hegi ME, Diserens A-C, Gorlia T, et al. <i>MGMT</i> gene silen-
cing and benefit from temozolomide in glioblastoma. N Engl J Med. 
2005;352(10):997–1003.

25.	 Stupp R, Hegi ME, Mason WP, et al.; European Organisation for Research 
and Treatment of Cancer Brain Tumour and Radiation Oncology Groups. 
Effects of radiotherapy with concomitant and adjuvant temozolomide 
versus radiotherapy alone on survival in glioblastoma in a randomised 
phase III study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol. 
2009;10(5):459–466.

26.	 Sheikh S, Radivoyevitch T, Barnholtz-Sloan J, Vogelbaum M. Long-term 
trends in glioblastoma survival: implications for historical control groups 
in clinical trials. Neurooncol. Pract.. 2020;7(2):158–163.


	Phase 1b/2 study of orally administered pexidartinib in combination with radiation therapy and temozolomide in patients with newly diagnosed glioblastoma  
	Materials and Methods
	Study Design
	Patient Selection
	Treatment
	Response Assessment
	Pharmacokinetics and Pharmacodynamic Assessments
	PK Measurements—Plasma samples were analyzed for pexidartinib using a validated method (high-performance liquid chromatography [HPLC] or ultra-high-performance liquid chromatography (HPLC) with tandem quadruple mass spectrometric detection) of appropriate
	PD Measurements—Blood samples were collected to evaluate CD14/16 mononuclear cell counts and CSF-1 levels, which are biomarkers of kinase inhibition and myeloid cell recruitment.

	Statistical Analysis
	Phase 1b—The objective of the Phase 1b portion of this study was to determine the RP2D of pexidartinib when combined with concurrent RT and TMZ. Two dose levels were initially planned, with one or more lower doses to be evaluated if the starting dose of 8
	Phase 2—For the Phase 2 portion, the primary objective was the determination of mPFS. Secondary objectives included the evaluation of OS, PK, correlative imaging studies, safety, and the exploratory endpoint of PD effects of pexidartinib. The mPFS and mOS
	Sample Size and Power—For the primary endpoint of mPFS, based on a 1-sided log-rank test with a significance level of 0.1 and power of 80%, 22 events (death or progression) in approximately 31 patients were required to detect a 50% relative hazard reducti


	Results
	Patient Characteristics
	Determination of RP2D
	Toxicity
	Pharmacokinetics
	Pharmacodynamics
	Efficacy

	Discussion
	Supplementary material
	Acknowledgments
	References


